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Much of t h e  work performed i n  t h e  l a s t  n i n e  months h a s  been 
concerned w i t h  t h e  e v a l u a t i o n  o f  cracking behav io r  of t i t a n i u m  and 
aluminum i n  a wider  v a r i e t y  of environments.  Crack p ropaga t ion  i n  
t i t a n i u m  a l l o y s  has  been s t u d i e d  i n  mercury,  molten s a l t s ,  o r g a n i c  
s o l v e n t s  and aqueous environments.  A g r e a t  many s imilar i t ies  were found 
as t o  t h e  e f f e c t  of metal s t r u c t u r e ,  stress and environment cond i t ions  
on c rack  propagat ion  v e l o c i t y .  A new and somewhat d i f f e r e n t  t ype  of 
stress c o r r o s i o n  c rack ing  (SCC) has been found t o  occur  i n  Ti:Mo type  
a l l o y s  and p re l imina ry  d a t a  f o r  the a l l o y  Ti:12Mo-6Zr-5 Sn (6111) 
are desc r ibed .  Techniques have been r e f i n e d  f o r  s t u d i e s  of e l e c t r o -  
chemical  k i n e t i c s  and f o r  observa t ion  of c rack  growth i n  s i n g l e  metal 
g r a i n s .  
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2.0 INTRODUCTION 
This  r e p o r t  d e s c r i b e s  p a r t  of a s t u d y  of stress c o r r o s i o n  
c rack ing  of t i t a n i u m  a l l o y s  i n i t i a t e d  i n  J u l y  1965 (1)  and cont inued  
under NASA sponsor sh ip  beginning  J u l y ,  1966 ( 2 ) .  This  i s  t h e  f o u r t e e n t h  
Q u a r t e r l y  Report  i n  t h e  ser ies  ( 3 ,  4, 5 ,  6 ,  7 ,  8,  9 ,  10,  11, 12,  13,  14 ,  15) 
and covers  t h e  nine-month pe r iod  of A p r i l  1, 1969 through December 31, 1969. 
S h o r t  l e t te r  r e p o r t s  (14 ,  15) desc r ibed  work i n  p rogres s  i n  t h e  p e r i o d s  of  
A p r i l  1, through June  30 and J u l y  1 through September 30, 1969 b u t  d i d  n o t  
p r e s e n t  d e t a i l e d  r e s u l t s .  
The p r e s e n t  r e p o r t  r e p r e s e n t s  t h e  i n d i v i d u a l  and c o l l e c t i v e  c o n t r i b u t i o n s  
of t h e  f o u r  a u t h o r s  who have c o l l a b o r a t e d  i n  t h e  des ign  and i n t e r p r e t a t i o n  
of t h e  experiments .  
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3.0 TECHNICAL D I S C U S S I O N  
3.1 Elec t rochemica l  K i n e t i c s  Experiments 
3 .1 .1  Evalua t ion  of Method 
I t  has  been shown p rev ious ly  (11) t h a t  T i 3 +  i o n  and oxide  
a r e  formed s imul taneous ly  on newly gene ra t ed  t i t a n i u m  s u r f a c e s .  I n  o r d e r  
t o  o b t a i n  s u f f i c i e n t  conf idence  i n  t h e  k i n e t i c  d a t a  t o  t r y  t o  make a 
q u a n t i t a t i v e  s e p a r a t i o n  of t h e  two anodic  c u r r e n t s ,  experiments  and 
c a l c u l a t i o n s  were made on some c r i t i c a l  a s p e c t s  of t h e  method. 
A .  E f f e c t  of Metal  D u c t i l i t y .  I n  a number of exper iments  a 
small c u r r e n t  began t o  flow b e f o r e  t h e  s t e e p  r ise  presumed t o  s i g n i f y  t h e  
f r a c t u r e .  This  i n i t i a l  p r e - r i s e  c u r r e n t  w a s  a t t r i b u t e d  t o  c rack ing  of t h e  
p r o t e c t i v e  oxide l a y e r  by s l i g h t  necking i n  t h e  notched zone p r i o r  t o  
f r a c t u r e .  Experiments conducted wi th  b r i t t l e  and d u c t i l e  specimens of 
t h e  same a l l o y  v e r i f i e d  t h i s  hypo thes i s .  
Fracture faces of b r i t t l e  and d u c t i l e  specimens are i l l u s t r a t e d  i n  
F ig .  3.1-1 and cur ren t - t ime curves f o r  t h o s e  same specimens are r e s p e c t i v e l y  
shown i n  Fig.  3.1-2.  The exper imenta l  t echn ique  has  been desc r ibed  p rev ious ly  
( 4 ) .  I t  may b e  noted  t h a t  t h e  most b r i t t l e  specimen ( a )  showed no necking and 
a s t e e p  r i s e  i n  c u r r e n t ,  w h i l e  t h e  most d u c t i l e  specimen (b) showed a 
cons ide rab le  necking and a c o n s i d e r a b l e  c u r r e n t  b e f o r e  t h e  s t e e p  r ise.  
These specimens were Ti :14% Mo a l l o y :  ( a )  h e a t  t r e a t e d  a t  850°C f o r  2 hours  
and water quenched fol lowed by 450°C f o r  3 hours  and a i r  c o o l i n g ,  and (b )  
h e a t  treated a t  850°C f o r  2 hours  and water quenched. 
pure  t i t an ium (specimen c )  t h a t  has  been used  f o r  many of t h e  k i n e t i c  experiments  
(11) showed a s m a l l  amount of d u c t i l i t y  and a s m a l l  c u r r e n t  p r i o r  t o  t h e  
The commercially 
3 
F i g .  3.1-1 Appearance o f  
a.  Ti:14% Mo 
b.  Ti:14% Mo 
c .  Commercia 
f r a c t u r e  s u r f a c e s  (14X) 
b r i t t  l e  
d u c t i l e  
ly p u r e  T i  
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F i g .  3.1-2 O s c i l l o s c o p e  traces f o r  spec imens  f r a c t u r e d  
2 
i n  3.0 M € I C 1  a t  -500 mV (SCE) ( A  0.05 c m  
H o r i z o n t a l  - 2 m s / c m ,  Vert ical  - 20 d / c m  
a .  Ti :14% Mo b r i t t l e  
b .  T i :14% Mo d u c t i l e  
c. Commercially p u r e  T i  
5 
f a s t  f r a c t u r e .  I t  would b e  d e s i r a b l e  t o  e m b r i t t l e  i t  f u r t h e r  f o r  t h e  k i n e t i c s  
experiments .  
B .  Sequence of Events a f t e r  F r a c t u r e .  The assumed sequence of 
e v e n t s  a f t e r  a b r i t t l e  f r a c t u r e  is summarized i n  F ig .  3.1-3. For a b r i t t l e  
f r a c t u r e  w i t h  a v e l o c i t y  of - lo5 cm/sec (approx. 1 / 3  t h e  speed  of sound) 
a c r o s s  a -10 cm t h i c k  specimen, t h e  f r a c t u r e  would b e  complete i n  
sec. It  is  assumed t h a t  under these  cond i t ions  c a v i t a t i o n  bubbles  w i l l  
-1 
form on t h e  two f r a c t u r e  f a c e s .  
and sec t o  form a monolayer at 1 Tor r  and u n i t  s t i c k i n g  c o e f f i c i e n t  (16 ) ,  
Assuming a vapor  p r e s s u r e  of  -20 Torr  f o r  H 2 0  
-5 
t h e  t i m e  t o  form an adsorbed monolayer of H 0 would b e  .-2 x 10 sec. 
(The vapor  p r e s s u r e  o f  H C 1  above 3 M H C 1  i s  s m a l l  compared t o  t h a t  of H 0.) 
2 
2 
The t i m e  f o r  c a v i t a t i o n  bubbles t o  c o l l a p s e  can b e  e s t ima ted  from t h e  
Rayleigh equa t ion  (17) : 
1 /2  
-i = 0.9r (f) 
For r a 0.05 c m  (1 /2  specimen t h i c k n e s s ) ,  p = 1 gm/cm3 and P = 1.0  x 10 6 
g d c m  sec 2 (one atmosphere) ,  t h e  co l l apse  t i m e  i s  -5 x 10 -5 sec. The 
p o t e n t i o s t a t  r ise  time of -2 x 
t i m e  g i v e s  a t o t a l  t i m e  t h a t  i s  l e s s  than  t h e  r e s o l u t i o n  of 2 x s e c  
a t t empted  on t h e  o s c i l l o s c o p e  photographs.  It is  t h e r e f o r e  t e n t a t i v e l y  
concluded t h a t  c a v i t a t i o n  and in s t rumen ta t ion  do n o t  impose a l i m i t  on t h e  
p r e s e n t  i n t e r p r e t a t i o n  of t h e  d a t a .  
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- Potentiostat Rise Time-10-5 sec.  (From Bubble Collapse) 
Cavitation Bubble has Collapsed 7 
- Monolayer of Adsorbed H 0 from Vapor Phase 
2 
c- Fracture  Complete 
Assumed sequence o f  e v e n t s  a f t e r  f r a c t u r e  
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Charging of t h e  e l ec t r i ca l  double l a y e r  shou ld  a l s o  b e  r e l a t i v e l y  r a p i d  
compared t o  t h e  p r e s e n t  r e s o l u t i o n  t i m e .  A c e l l  r e s i s t a n c e  of ‘CI 10 ohm (18), 
a, capac i t ance  of 
c o n s t a n t  of s e c .  
2 20 pfd/cm2 and e l e c t r o d e  area of 0.05 c m  , g ive  a t i m e  
The p r e s e n t  t i m e  span  f o r  t h e  measurements ex tends  t o  10-20 m sec 
whereas i t  would b e  d e s i r a b l e  t o  cover several more decades of t i m e .  We are 
p r e s e n t l y  s e t t i n g  up t o  f eed  t h e  k i n e t i c  d a t a  d i r e c t l y  t o  t h e  co re  of t h e  
BSRL computer i n  o r d e r  t o  recover  a l o n g e r  t i m e  span .  The computer has  t h e  
same r e s o l u t i o n  of 2 x 10 s e c .  Data w i l l  be  p u t  on punched c a r d s  f o r  
f u r t h e r  p rocess ing .  The planned t i m e  span is  i n d i c a t e d  i n  F ig .  3.1-3. 
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3 . 1 . 2  Experimental  Data 
F u r t h e r  e l ec t rochemica l  k i n e t i c s  experiments  were done t o  e v a l u a t e  
the e f f e c t  of v a r i o u s  an ions ,  s o l u t i o n  pH and a l l o y  composi t ions.  The 
o b j e c t i v e  w a s  t o  de te rmine  i f  t h e r e  w a s  any c o r r e l a t i o n  t o  SCC s u s c e p t i b i l i t y .  
No such  c o r r e l a t i o n s  have been found y e t  b u t  t h e  d a t a  are i n t e r e s t i n g  i n  
r e s p e c t  t o  unders tanding  t h e  r e a c t i o n s  on t h e  new s u r f a c e s .  
A .  E f f e c t  of Anions. Resul t s  of k i n e t i c s  experiments  conducted i n  H C 1 ,  
H SO and H I  s o l u t i o n s  of t h e  same normal i ty  are g iven  i n  F igs .  3.1-4 and 
3.1-5. A t  a p o t e n t i a l  of -500 mV (SCE) curves  f o r  H C 1  and H SO were t h e  
same w i t h i n  exper imenta l  e r r o r .  From experiments  a t  d i f f e r e n t  p o t e n t i a l s  
i t  w a s  found t h a t  t h e  mixed p o t e n t i a l  f o r  t h e  new s u r f a c e  w a s  t h e  same f o r  
H2S04 There was no obvious d i f f e r e n c e  
between t h e  e l e c t r o c h e m i s t r y  of new t i t a n i u m  s u r f a c e s  i n  H C 1  and H SO t h a t  would 
account  f o r  t h e  SCC s u s c e p t i b i l i t y  i n  the  former b u t  n o t  t h e  l a t t e r .  While 
2 4  
2 4  
as f o r  H C 1  s o l u t i o n s ;  about -800 mV (SCE) .  
2 4  
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F i g .  3.1-4 
Time ( m s  ) 
Current- t ime curves f o r  new surEaces of 
commercially pu re  T i  i n  t h r e e  a c i d s  a t  a 





( A  z 0.05 cm ) 
--- 
2 
I I I I I 
Time (ms) 
F i g .  3.1-5 Current-time cu rves  f o r  new s u r f a c e s  o f  
commercially pu re  T i  i n  H C 1  and H i  a t  a 
p o t e n t i a l  o f  0 mV (SCE) 
t h e  c u r r e n t  was lower i n  HI compared t o  H C 1  a t  -500 mV, t h e  c u r r e n t  i n  H I  
and H C 1  was v i r t u a l l y  i d e n t i c a l  a t  0 mV. I t  remains t o  b e  r e s o l v e d  
whether  t he  lower c u r r e n t  i n  HI a t  -500 mV i s  s i g n i f i c a n t .  
S e v e r a l  experiments were a l s o  conducted i n  3M HNO A c a t h o d i c  c u r r e n t  
was observed a t  a p o t e n t i a l  o f  -500 mV (SCE), which w a s  presumed t o  b e  due t o  
r e d u c t i o n  of n i t r a t e .  'ilie mixed p o t e n r i a l  by e x t r a p o l a t i o n  appeared t o  b e  
about -250 mV ( S C E ) .  
3'  
B .  E f f e c t  of P o t e n t i a l  and P H .  Condit ions of  p o t e n t i a l  and pH used i n  
t h i s  s e r i e s  o f  experiments i n  3M c h l o r i d e  s o l u t i o n  are  shown as t h e  numbered 
p o i n t s  i n  F ig .  3.1-6. ' l ' l i t~  a c i d  s o l u t i o n s  were made wi th  K C 1  and H C 1  and t h e  
a l k a l i n e  s o l u t i o n s  w i t 1 1  KC1 and KtiH ( O . 1 E I  and 1M). 
The e f f e c t  o f  pH is shown i n  F ig .  3 1 -7 .  The s u r p r i s i n g  r e s u l t  w a s  
t h a t  from pH - 0 . 5  t o  +13 t h e  c u r r e n t  t i m e  curves  were t h e  same w i t h i n  
experimental  e r r o r .  The i m p l i c a t i o n  i s  t h a t  s o l u b l e  t i t a n i u m  s p e c i e s  
(Ti3+ o r  TiO*) a r e  formed s imul t aneous ly  w i t h  p a s s i v a t i n g  ox ide  i n  t h i s  
range of pH. I n  o t h e r  words, t h e  s o l u b l e  t i t a n i u m  s p e c i e s  a l s o  appea r s  t o  
form metastably as w e l l  as t h e  ox ide  (11). The lower c o n d u c t i v i t y  of t h e  less 
a c i d  s o l u t i o n s  vas a p p a r e n t l y  compensated b y  i n c r e a s e d  d r i v i n g  f o r c e  t o  form 
ox ide  as can be  seen  in  F i g .  3 .1-6.  The i n c r e a s e d  c u r r e n t  i n  t h e  s o l u t i o n  
wi th  1M KOH could be  a t t r i b u t e d  t o  i t s  i n c r e a s e d  c o n d u c t i v i t y  combined wi th  
t h e  inc reased  d r i v i n g  f o r c e .  
The e f f e c t  o f  p o t e n t i a l  i n  t h e  3 M  K C 1  + 1M ROH s o l u t i o n  shown i n  
F ig .  1.1-8 i s  s i m i l a i  t o  t h a t  i n  a c i d  s o l u t i o n s .  The anod ic  c u r r e n t  i n c r e a s e d  
wi th  inure  p o s i t i v e  p o t e n t i a l  and t h e  peak c u r r e n t  occu r red  a t  a longe r  
t ime a f t e r  f r a c t u r e .  T h e  mixed p o t e n t i a l  i n  t h i s  s o l u t i o n  was about 
-1750 mv ( S C E ) ,  g i v i n g  a s l o p e  of about -65 mV p e r  decade of pH, c o n s i s t e n t  
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Fig. 3.1.6 Potential and pH of experiments in 3 M C1- 
solution shown on the potential-pH equilibrium 
diagram for the system titanium-water, at 25°C. 
1 2  
- 3M HC1 
3M KC1 pH 2 
3M KC1 pH 5.5 
3M KC1 + 0.1M KOH 
( Coincident with pH 2 ) 
--- 
. . . . . . . 
--- 
-.-.-. 3M KC1 + 1 M  KOH 
2 ( A  = 0.05cm ) 
Time (ms) 
F i g .  3.1-7 E f f e c t  of pH on cu r ren t - t ime  curves f o r  
new s u r f a c e s  of commercially pu re  T i  i n  
3 M c h l o r i d e  s o l u t i o n s  a t  a p o t e n t i a l  of  
-500 mV ( S C E ) .  
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F ig .  3.1-8 
(Az0.05  cm 2 ) 
0 2 4 6 8 10 
Time (ms) 
E f f e c t  o f  p o t e n t i a l  on cur ren t - t ime curves f o r  new 
s u r f a c e s  of commercially pure  T i  i n  3M K C 1  + 1 M  KOH 
14 
w i t h  t h e  approximately -60 mV/pH un i t  observed e a r l i e r  (5)  f o r  t h e  open- 
c i r c u i t  experiments.  
C .  E f f e c t  of Added T i C 1 3  and T i C 1 4 .  The o b s e r v a t i o n  t h a t  a c o n s i d e r a b l e  
- 
f r a c t i o n  of t h e  c u r r e n t  f lowing t o  a newly generated t i t a n i u m  s u r f a c e  r e s u l t s  
i n  formation of s o l u b l e  T i  ( l l j  sugges t ed  t h a t  t h e  s o l u t i o n  n e a r  t h e  t i p  
of  a s t r e s s  c o r r o s i o n  c rack  i s  s a t u r a t e d  w i t h  T i  . I n  t h e  q u a s i - s t e a d y - s t a t e  
MTK model (19)  t h e  T i 3 +  i o n  would d i s s o l v e  u n t i l  a s a t u r a t e d  s o l u t i o n  would b e  
3+ 
3+ 
reached i n  t h e  monolayer zone. A k i n e t i c  experiment w a s  t h e r e f o r e  conducted 
i n  a s o l u t i o n  s a t u r a t e d  wi th  T i C l  The s o l u t i o n  w a s  a l s o  3 M  i n  H C 1  t o  
p rov ide  an adequate  c o n d u c t i v i t y  f o r  t h e  experiment .  
3' 
Comparison of t h e  c u r r e c t - - t i m e  curve f o r  t h i s  s o l u t i o n  t o  t h a t  f o r  
3M HC1 i n  F ig .  3.1-9 shows t h a t  t he  peak c u r r e n t  w a s  decreased t o  about 1 1 4 .  
Conduct ivi ty  of  t h e  s o l u t i o n  was about 213 t h a t  of 3M H C L  based on t h e  
s l o p e  of the  peak-current  ve r sus  p o t e n t i a l  curve.  The re fo re  i t  appeared t h a t  
an anod ic  r e a c t i o n  had been suppres sed .  A second evidence of t h i s  w a s  t h a t  
t h e  mixed p o t e n t i a l  s h i f t e d  t o  about -400 mV, i . e . ,  i n  a d i r e c t i o n  c l o s e r  
t o  t h e  r e v e r s i b l e  p o t e n t i a l  f o r  hydrogen i o n  r e d u c t i o n .  
The T i C l  used t o  make t h e  above s o l u t i o n  w a s  s u s p e c t e d  t o  c o n t a i n  3 
some T i C l  (probably formed by d i s p r o p o r t i o n a t i o n )  because i t  fumed i n  
c o n t a c t  with a i r .  
i n t o  s o l u t i o n  w a s  be ing  reduced t o  T i 3 +  and d e c r e a s i n g  t h e  n e t  anod ic  c u r r e n t .  
A s o l u t i o n  c o n t a i n i n g  about 1 molar T i + 4  w a s  t h e r e f o r e  made by adding 
T i C l i +  t c l  c ,oncentrsted l I C 1  and d i l u t i n g  t o  3 M  H C 1  + 1 M  T i  
considerably more Ti 
4 
The q u e s t i o n  then a r o s e  whether  t h e  T i 4 +  i o n  thus p u t  
4+ . This  i S  
4+ 3+ 
than would have been  p r e s e n t  i n  t h e  s a t u r a t e d  T i  
15 
- 3M HC1 
I (mA) 
1 5 0  
3M HCl + 1M TiC14 
3M HC1 + Sat’d TiC13 . . . . . . . . . 
Fig .  3.1-9 
3- 
10 




E f f e c t  of added T i C l  and T i C l  on cu r ren t -  
time curves f o r  new s u r f a c e s  of commercially pu re  
T i  i n  3 M  H C 1  a t  p o t e n t i a l  of 0 mV ( S C E ) .  
3 4 
16 
s o l u t i o n .  The peak c u r r e n t  w a s  0 .6  t h a t  i n  3M H C 1  and t h e  mixed p o t e n t i a l  
w a s  about -600 mV, w h i l e  t h e  conduc t iv i ty  of t h e  s o l u t i o n  w a s  e s s e n t i a l l y  
t h e  same as f o r  3 M  H C 1 .  Some T i  r educ t ion  could t h e r e f o r e  have occur red .  
The sma l l e r  c o n c e n t r a t i o n  of T i4+  i n  t h e  p r i o r  experiment  w i t h  s a t u r a t e d  T i  
s o l u t i o n  sugges t s  t h a t  p resence  of T i4+  only accounted f o r  a small  p a r t  of t h e  
smaller peak c u r r e n t  and s h i f t  i n  mixed p o t e n t i a l  observed .  Data from 
Fig .  3.1-9 r e p l o t t e d  on log-log c o o r d i n a t e s  i n  F ig .  3.1-10 show a s i m i l a r  
p a t t e r n  and s l o p e  i n d i c a t i n g  similar mechanisms i n  t h e s e  s o l u t i o n s .  
4+ 
3+ 
D.  E f f e c t  of Alloy.  Specimens of commercially pu re  T i ,  T i : 8 - 1 - 1  
and Ti :14% No gave e s s e n t i a l l y  t h e  same i n i t i a l  c u r r e n t  ve r sus  t i m e  
r e l a t i o n s h i p  i n  3 M  H C 1  a t  -500 mV as shown i n  F ig .  3.1-11. This  i n d i c a t e s  t h a t  
t h e i r  d i f f e r e n c e  i n  SCC behav io r  i s  n o t  due t o  d i f f e r e n c e s  i n  e l e c t r o c h e m i c a l  
behav io r .  A s i m i l a r  behav io r  of t h e  newly gene ra t ed  s u r f a c e  i s  n o t  
unreasonable  f o r  t h e s e  a l l o y s  as t h e  s u r f a c e  atoms would be predominant ly  
t i t a n i u m .  The e f f e c t  of s a t u r a t i n g  t h e  s o l u t i o n  wi th  A 1  o r  Mo i o n s  i s  y e t  
t o  b e  determined. 
The behavior  of commercially pure T i  and aluminum a r e  compared i n  
1- Figs .  3.1-12 and 3.1-13. The aluminum specimen w a s  made of s i n t e r e d  aluminum 
powder (SAP) i n  o r d e r  t h a t  i t  b e  b r i t t l e  f o r  c l e a n  f r a c t u r e .  I t  had t h e  
same dimensions as t h e  t i t a n i u m  specimen. The i n i t i a l  peak c u r r e n t s  were 
e s s e n t i a l l y  t h e  same as expec ted  from an I R  l i m i t  b u t  t h e  decay i n  c u r r e n t s  
a p p a r e n t l y  fol lowed d i f f e r e n t  l a w s  as i n d i c a t e d  by t h e  s l o p e s  i n  F ig .  3.1-13. 
This  w i l l  be d i scussed  f u r t h e r  i n  t h e  nex t  s e c t i o n .  
.I. 
h e a v i l y  deformed 
1 7  
1 (mA) 
3M HC1 
3M HCl + 1M TiC14 
1 
Slope -2.10 /t 
t 
11 I 1 I I I I l l l  I I I 1 I I l l  I I l l l l l ~  
0.1 1 10 1 
Time (ms) 
0 
F i g .  3.1-10 R e p l o t  of Fig. 9 
18 
- Commercial pure Ti 
--- Ti : 8-1-1 
....... 6. Ti : 14%Mo 
2 ( A  = 0.05 cm ) 
Time (ms) 
Fig. 3.1-11 Current-time curves for new surfaces of 
various Ti alloys in 3M H C 1  at -500 mV ( S C E )  
19 
2 ( A %  0.05cm ) 
I I I 
Time (ms) 
10 20 30 4 
F i g .  3.1-12 Current-t ime curves f o r  new s u r f a c e s  of T i  and A1 
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R e p l o t  o f  Fig. 1 2  
2 1  
3.1.3 Theory 
A .  I n t e r p r e t a t i o n  of K ine t i c s  Experiments 
As h a s  been po in ted  ou t  i n  a previous  r e p o r t  ( l l ) ,  a minimum of 
t h r e e  r e a c t i o n s  must b e  cons idered  i n  t h e  k i n e t i c s  experiments  and SCC of T i :  
T i  -+ Ti3+ + 3e React ion  1 
T i  + 2H20 + Ti02 + 4H+ + 4e 
H + + ~ + H  
Reac t ion  2 
Reac t ion  3 
Other  oxides  may b e  formed and a t  h igh  anodic  p o t e n t i a l s  TiO* may b e  
formed, b u t  a t  t h i s  s t a t e  of development of t h e  theo ry  and experiments  
c o n s i d e r a t i o n  of only t h e  three above r e a c t i o n s  appears  j u s t i f i e d .  Reac t ions  
wi th  d i s s o l v e d  oxygen were n o t  cons idered  s i g n i f i c a n t  a t  t h e  h igh  i n i t i a l  
c u r r e n t  d e n s i t i e s .  
Fleischmann and Th i r sk  (20)  p re sen t  an a n a l y s i s  of n u c l e a t i o n  and growth 
of e l e c t r o d e  d e p o s i t s  t h a t  appears  a p p r o p r i a t e  t o  t h e  p r e s e n t  problem. The 
v a r i o u s  modes are: 
one-dimensional growth, i .e . ,  t i p s  of whiskers  
i n s t an taneous  n u c l e a t i o n  
p r o g r e s s i v e  n u c l e a t i o n  
two-dimensional growth, i. e., c y l i n d r i c a l  
i n s t an taneous  n u c l e a t i o n  
p r o g r e s s i v e  n u c l e a t i o n  
three-dimensional  growth, i. e . ,  hemisphe r i ca l  
i n s t an taneous  n u c l e a t i o n  
p r o g r e s s i v e  n u c l e a t i o n  
22 
Of t h e s e  mazes, tsCo-dLnensional growth of ox ide  f i l m  pa tches  w i t h  i n s t a n t a n e o u s  
n u c l e a t i o n  cons ide red  i n  a previous r e p o r t  (11) appears  most a p p r o p r i a t e  t o  
t i t a n i u m .  The two-dimensional f i l m  would b e  c o n s i s t e n t  w i th  t h e  h igh  
r e s i s t i v i t y  cf T i O ,  and t h e  s m a l l  amount of charge r e q u i r e d  f o r  p a s s i v a t i o n  (11 ) .  
In s t an taneous  n u c I t  a t i o n  would be  expected a t  t h e  h igh  o v e r p o t e n t i a l s  i n  
r e s p e c t  t o  fo rms t ion  cf oxide f o r  most of t h e  k i n e t i c s  experiments .  
L 
Other sequences of r e a c t i o n  are perhaps p o s s i b l e  such as d i s s o l u t i o n  by 
r e a c t i o n  1 followed by an o x i d a t i o n  and p r e c i p i t a t i o n .  A l t e r n a t e l y ,  fo rma t ion  
of ox ide  .,uc:i a', 1 ) ~  r c - i c t i o n  2 could be fol lowed by d i s s o l u t i o n .  Such more- 
complicated rcanction sequences w i l l  no t  b e  cons ide red  a t  t h e  p r e s e n t  t i m e  f o r  
the  newlv gencrrl\ted 5 u r f a c e s .  
Kitt i in t lLcd  L i n i i  t o f  t h e  above d i s c u s s i o n  s e v e r a l  r e l a t i o n s h i p s  of c u r r e n t  
t o  time a r e  po-qiblc> as i l l u s t r a t e d  i n  F ig .  3.1-14a, b ,  c ,  d .  A s  w a s  proposed 
p rev ious ly  (11) Che observed anodic  b e h a v i o r  of  f r e s h l y  gene ra t ed  t i t a n i u m  
s u r f a c e s  i s  asc:wwd t o  b e  t h e  r e s u l t  of a combination of c o n d i t i o n s  a ,  b y  c ,  
and d of Fig. 3 .  l - l $ ,  i l l u q t r a t e d  a t  t h e  r i g h t .  For longe r  t i m e  p e r i o d s  (from 
16-' t o  10' + I J C ) ,  ~t 1c.d- t f o r  T i  i n  n e u t r a l  s o l u t i o n s ,  h igh  f i e l d  k i n e t i c s ,  
F ig .  3.1-14e appears  t o  dpply (1). 
The r e l a t i o n  of c u r r e n t  t o  t i m e  f o r  t h e  aluminum specimen, F ig .  3.1-13, 
appears  c o n s i s t e n t  t i i  <I l i m i t i n g  d i f f u s i o n  ra te  i n  t h e  e l e c t r o l y t e ,  
F ig .  3.1-14fY b u t  i t  as y e t  does n o t  check q u a n t i t a t i v e l y .  The l i m i t i n g  
c u r r e n t  densit!, foi-  an u n s t e a d y - s t a t e  d i f f u s i o n  p rocess  from a s e m i - i n f i n i t e  
2 3  
-1 @ High Field Kinetics log i 1 \ 
log 7 
@ Limiting Diffusion i a  T - ~ / ~  log i 
in Electrolyte 
(semi-infinite body) log 7 
F i g .  3.1-14 P o s s i b l e  cur ren t - t ime r e l a t i o n s h i p s  f o r  f r e s h l y  
gene ra t ed  metal s u r f a c e s .  
2 4  
Assuming f o r  example t h a t  H C 1  i s  t h e  d i f f u s i o n  l i m i t e d  s p e c i e s  from a 
3 M (Co=3x10-3mole/cm ) s o l u t i o n  and D 
From F ig .  3.1-13, iL = 0.24  amp/cm2 a t  ~ = 1 0 - ~  s e c  o r  iL % 0.024 T 
Thus t h e  exper imenta l  c u r r e n t  i s  low by a f a c t o r  of about  20. The 
3 2 -112 c m  /sec g i v e s  i L a 0 . 5 - r  
-112 
e f f e c t i v e  d i  f f us i o n  layer  th i ckness  
-4 -2 is -5 x 10 cm at 10 sec. This  
of t h e  two f r a c t u r e  f aces  ( 10 cm) 
medium is  no t  v i o l a t e d .  The a c t u a l  
-1 
is s m a l l  compared t o  t h e  s e p a r a t i o n  
s o  t h e  c o n d i t i o n  of s e m i - i n f i n i t e  
anod ic  c u r r e n t  though i s  i n i t i a l l y  
g r e a t e r  than t h e  measured c u r r e n t  i f  t h e  s u r f a c e  s t a r t s  a t  t h e  mixed 
p o t e n t i a l .  More work must b e  done t o  q u a n t i t a t i v e l y  unders tand  t h e  
prob l e m .  
B .  Imp l i ca t ions  t o  Stress Corros ion  Cracking.  The presence  of a 
s a t u r a t e d  T i C l  s o l u t i o n  i n  t h e  monolayer zone and t i p  zone of a c rack  
would have two impor tan t  r a m i f i c a t i o n s .  F i r s t l y ,  t h e  format ion  of on ly  
a monolayer of t h e  s a l t  as i n d i c a t e d  by t h e  MTK model would be  more unders tandable  
w i t h  s a t u r a t e d  T i C l  s o l u t i o n  than  wi th  an H C 1  s o l u t i o n .  Secondly,  t h e  
conduc t iv i ty  of a s a t u r a t e d  T i C l  s o l u t i o n  would b e  lower than  t h e  H C 1  
s o l u t i o n s  in  t h e  p r e s e n t  formula t ion  of t h e  MTK model. This  lower 
conduc t iv i ty  should  enab le  o b t a i n i n g  a l a r g e r  p o t e n t i a l  drop i n  t h e  e l e c t r o -  
l y t e  i n  t h e  c rack  i n  t h e  MTK model comparable t o  a real  c rack  because t h e  





I n  t h e  case of aluminum, although t h e  d a t a  a r e  n o t  q u a n t i t a t i v e l y  
understood,  i t  appears  c l e a r  t h a t  i t  i s  n o t  as r a p i d l y  p a s s i v a t e d  as 
t i t a n i u m .  
SCC c rack  as compared t o  t i t a n i u m  (11) i s  t h e r e f o r e  n o t  unreasonable .  
A g r e a t e r  amount of h a l i d e  i o n  consumed i n  t h e  t i p  zone of a 
3.2 S C C  S t u d i e s  wi th  T i :  8Al-lMo-lV 
3.2.1 Specimens 
Much of t h e  ea r l i e r  work on t h e  S C C  of t i t a n i u m  a l l o y s  w a s  
performed w i t h  s i n g l e  edge notched specimens (SEN) o r  fou r -po in t  bend 
specimens.  I n  r e p o r t  No. 11 (13) a double  c a n t i l e v e r  beam (DCB) type  
specimen w a s  desc r ibed  and pre l iminary  d e t a i l s  of s u s c e p t i b i l i t y  of t h e  
Ti:8Al-lMo-lV a l l o y s  i n  va r ious  s t r u c t u r e s  w a s  desc r ibed .  The use of t h e  
specimen has  been extended t o  t h e  s tudy o f  a l a r g e r  v a r i e t y  of 
envi ronmenta l  c o n d i t i o n s  which a r e  descr ibed  i n  more d e t a i l  below. 
F u r t h e r ,  a more s imple  DCB specimen h a s  been developed which has  
proved u s e f u l  i n  t h e  e v a l u a t i o n  of SCC s u s c e p t i b i l i t y  i n  molten sal ts .  
This  s imple  specimen can b e  used as a qu ick  and s imple  e v a l u a t i o n  of 
s u s c e p t i b i l i t y  of s h e e t  material f a b r i c a t e d  from c1 -phase a l l o y s .  E s s e n t i a l l y ,  
a series of b l anks  are cu t  from a shee t  as shown i n  F ig .  3 .2 - l ( a ) .  These 
are t h e n  notched and marked wi th  a g r i d  as shown i n  F ig .  3 .2 - l (b ) .  Load 
i s  a p p l i e d  through a Ti -a l loy  wedge by compression i n  a v i s e  - t h e  d e f l e c t i o n  
b e i n g  measured a c r o s s  AA'. From t h i s  d e f l e c t i o n  t h e  K v a l u e  can be  
computed us ing  equa t ions  g iven  i n  r epor t  no. 11 (13) .  The v a l i d i t y  of 
such K va lues  i s  of course  dependent upon t h e  specimen th i ckness  e t c . ,  and 
26 
F i g .  3.2-1 Wedged DCB specimen 
(a) o r i e n t a t i o n s  i n  r e s p e c t  t o  s h e e t  s t o c k  
(b) photograph o f  specimen w i t h  c rack  ( o r i e n t a t i o n  C) 
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t h u s  f o r  most s h e e t  material, w i l l  only b e  a c c u r a t e  a t  low K.  
However, f o r  Ti :8-1-1 ,  i t  i s  found t h a t  t h e  shape  of t h e  V vs K 
curves  are t h e  same f o r  0.5" specimens and 0.1' '  specimens and thus  t h e s e  
t h i n n e r  specimens p rov ide  u s e f u l  comparative and semi -quan t i t a t ive  d a t a .  
The o r i e n t a t i o n  of t h e  specimen cu t  from t h e  s h e e t  i . e . ,  A ,  B y  o r  C i n  
F i g .  3 .2- l (a)  i s  c r i t i c a l  f o r  t h i s  t y p e  of test .  For i n s t a n c e ,  t h e  
u s u a l  p r e f e r e d  o r i e n t a t i o n  encountered i n  Ti :8-1-1 s h e e t  r e s u l t s  i n  s t r a i g h t  
c r ack  p ropaga t ion  i n  t h e  t r a n s v e r s e  specimens,  i . e . ,  C,  and i n  o t h e r  o r i e n t a t i o n s  
t h e  c rack  d e v i a t e s  t o  s i d e  of t h e  specimen. Such specimens cannot  b e  used f o r  
B-phase a l l o y s  un le s s  e i t h e r  s i d e  grooves o r  a l a r g e  beam h e i g h t  i s  used. 
Even w i t h  t h e s e  p recau t ions  c rack  branching  can l e a d  t o  d i f f i c u l t i e s  i n  
such a l l o y s .  Tests us ing  t h e s e  specimens are e s s e n t i a l l y  s t a t i c ,  as stress 
i s  a p p l i e d  b e f o r e  t h e  specimen i s  immersed i n  t h e  s o l u t i o n .  
The g e n e r a l  v a r i a t i o n  of t h e  i n i t i a t i o n  load  (which can b e  conver ted  t o  
K v a l u e s )  w i th  h e a t  t r ea tmen t  f o r  the  a l l o y  Ti:8Al-lMo-lV w a s  p re sen ted  i n  
r e p o r t  No. 2 ( 4 ) .  Also inc luded  i n  t h i s  r e p o r t  were some r e s u l t s  on t h e  
i n f l u e n c e  of h e a t  t r ea tmen t  on c rack  v e l o c i t y  a l though much of t h e  d a t a  
was p r e s e n t e d  as average  c rack  v e l o c i t y .  The i n f l u e n c e  of K on c rack  
v e l o c i t y  h a s  been determined f o r  t h r e e  h e a t  t r ea tmen t s  of T i :  8-1-1 and f o r  
two s o l u t i o n s .  The h e a t  t r ea tmen t s  s t u d i e d  were ( a )  820°C f o r  1 week water 
quench (D.A.1; (b) 820°C and furnace cooled (MA);  and ( c )  820°C and s t e p  
cooled  t o  400°C ove r  
0.6 M K C 1  @ -500mV and 10M H C 1  @ open c i r c u i t .  F ig .  3.2-2  shows t h e  V vs. K 
a p e r i o d  of one week (S.C.) Specimens were t e s t e d  i n  
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Fig .  3.2-2 V a r i a t i o n  of c r ack  v e l o c i t y ,  V ,  w i t h  stress i n t e n s i t y  (K) 
f o r  t h r e e  h e a t  t r ea tmen t s  of T i  :8Al-lMo-lV. 
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r e l a t i o n s h i p s  f o r  t h e s e  specimen cond i t ions  and i t  can b e  s e e n  t h a t  h e a t  
t r ea tmen t  has  a s t r o n g  i n f l u e n c e  on t h e  shape  and p o s i t i o n  of t h e  cu rves .  
The D.A.  t r ea tmen t  produces r e l a t i v e l y  f l a t  curves  and t h e  s t e e p n e s s  
of t h e  curves i n c r e a s e s  through t h e  M.A. c o n d i t i o n  t o  t h e  SC cond i t ion .  
Th i s  behav io r  w a s  p r e d i c t e d  i n  r e p o r t  no.  4 ( 6 ) ,  and t o g e t h e r  w i th  t h e  
r educ t ion  of K va lues ,  i s  considered due t o  t h e  format ion  of t h e  
az-phase ( T i  A l ) ,  t h e  s i z e  and  volume f r a c t i o n  of t h i s  phase  b e i n g  impor t an t  
parameters .  I n  p rogres s  r e p o r t  no. 11 (13) the V vs K r e l a t i o n s h i p s  f o r  T i  and 
A 1  b a s e  a l l o y s  were desc r ibed  and r e l a t e d  t o  a g e n e r a l  3-s tage V vs K curve  
e x h i b i t e d  by many m a t e r i a l s  i n  va r ious  environments .  These t h r e e  r eg ions  of 
V vs K dependence are shown i n  Fig. 3 .2-3(a) .  I n  10M H C 1  r e g i o n  I growth w a s  
observed a f t e r  t h e s e  t h r e e  heat t r ea tmen t s  a l though t h e r e  i s  some ev idence  t h a t  
t h e  s l o p e  of t h e  curve  changes s l i g h t l y  w i t h  h e a t  t r e a t m e n t s .  Region 11, 
behav io r  o r  stress i n t e n s i t y  independent v e l o c i t y  i s  e x h i b i t e d  by t h e s e  t h r e e  
h e a t  t r ea tmen t s  b u t  t h e  s i z e  of t he  r e g i o n  is  o f t e n  r a t h e r  s m a l l  and 
i s  dominated by a t r a n s i t i o n  between t h e  two r eg ions  ( r e g i o n  I I a ) ,  as 
r e p r e s e n t e d  d i a g r a m a t i c a l l y  i n  Fig. 3.2-3(b).  A t  t h i s  t i m e  n i n e  tests 
have been run on t h e  MA treatment i n  0.6M K C 1  a t  -500 mV and t h e  b r a c k e t s  
on t h i s  curve  i n  F ig .  3.2-2 r ep resen t  t h e  s c a t t e r  observed i n  t h e s e  tes ts .  
However, t h e  shapesof  t h e  i n d i v i d u a l  curves  are r e l a t i v e l y  c o n s t a n t  and 
some of t h e  scat ter  may arise from d i f f e r e n c e s  i n  p o t e n t i a l  as bo th  
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Schematic r e p r e s e n t a t i o n  . o f  Ve loc i ty -S t r e s s  i n t e n s i t y  
r e l a t i o n s h i p s  
( a )  General  curve 
(b)  Showing v a r i a t i o n  w i t h  h e a t  t r ea tmen t  f o r  
Ti : 8A1-1Mo -1V and e x t e n t  of t rans i t i o n  
r eg ion  IIa. 
3 1  
3.2.3 I n f l u e n c e  of p o t e n t i a l  
I n  r e p o r t  no.  2 ( 4 )  i t  w a s  demonstrated t h a t  ( a )  t h e  v a r i a t i o n  
of i n i t i a t i o n  load  ( o r  K) v a r i e d  i n  a complex manner w i t h  p o t e n t i a l  and 
t h e  type  of i o n  p r e s e n t ,  and t h a t  (b)  v e l o c i t y  w a s  approximately l i n e a r l y  
re la ted t o  a p p l i e d  p o t e n t i a l  ( a t  a c o n s t a n t  e l e c t r o l y t e  c o n c e n t r a t i o n ) .  
The form of t h e s e  r e l a t i o n s h i p s  has been checked u s i n g  DCB specimens c u t  
from t h e  0.1" s h e e t ,  t h e s e  tests were performed i n  o r d e r  t o  c a l i b r a t e  
t h e  material f o r  t h e  molten s a l t  t e s t s  desc r ibed  i n  s e c t i o n .  3 . 3 .  The 
fo l lowing  r e s u l t s  i n d i c a t e  t h a t  the  ea r l i e r  conclus ions  were c o r r e c t  
b u t  may r e p r e s e n t  an over  s i m p l i f i c a t i o n  of t h e  r e l a t i o n s h i p s .  F ig .  3 . 2 - 4  
shows t h e  v a r i a t i o n  of K 
Ti:8Al-l.Mo-lV. 
wi th  p o t e n t i a l  f o r  two h e a t  t r ea tmen t s  of s cc 
The r eg ion  of anodic p r o t e c t i o n  f o r  duplex annea led  
T i :8 -1 -1  was shown i n  r e p o r t  no. 2 ( 4 )  and t h i s  r e g i o n  i s  confirmed by 
t h e  DCB tests. However, t h e  e x t e n t  of t h i s  r eg ion  i s  s t r o n g l y  dependent 
upon h e a t  t r ea tmen t  and i t  can b e  seen  t h a t  age ing  i n  t h e  
f i e l d  ex tends  t h e  range of s u s c e p t i b i l i t y .  Again t h i s  i s  an ove r  s i m p l i f i c a t i o n  
a+u2 phase  
as t h e s e  curves  a l s o  re f lec t  s t r a i n  rates s e n s i t i v e l y ,  t h e  850°C, WQ 
r eg ion  o f  s u s c e p t i b i l i t y  can be extended by dynamic s t r a i n i n g .  
and (b) show t h e  v a r i a t i o n  i n  shape of t h e  v e l o c i t y  vs. I( curves i n  
0.6M K I  o r  K C 1  s o l u t i o n s  t e s t e d  a t  v a r i o u s  p o t e n t i a l s .  
t h a t  i n  t h e  KI s o l u t i o n ,  t h e  curves s h i f t  upward wi th  i n c r e a s i n g  p o t e n t i a l ,  
w h i l e  f o r  t h e  K C 1  s o l u t i o n  a more complex behav io r  i s  e x h i b i t e d .  However 
i n  bo th  cases t h e r e  i s  an  approximate l i n e a r  i n c r e a s e  of r eg ion  I1 v e l o c i t y  
w i t h  p o t e n t i a l .  
F igs .  3.2-5(a) 
I t  can b e  s e e n  
32 
I 
Ti : 8AI : 1 Mo : 1V 
T = 24°C 
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Potential (SCE) (mV) - 
V a r i a t i o n  of K f o r  Ti:8Al-lMo-lV w i t h  h e a t  
t r ea tmen t  and p o t e n t i a l .  
S C C  
Fig. 3.2-4 
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F i g .  3.2-5 (a) Veloci ty-Stress  i n t e n s i t y  r e l a t i o n s h i p s  f o r  
Ti:8Al-lMo-lV ( S . C . )  t e s t e d  i n  0.6M K C 1  a t  v a r i o u s  
p o t e n t i a l s .  
(b) Veloc i ty-St ress  i n t e n s i t y  r e l a t i o n s h i p s  f o r  
Ti:8Al-l?Io-lV ( S . C . )  t e s t e d  i n  0.6Fl K I  
a t  v a r i o u s  p o t e n t i a l s .  
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3.2.4 Aqueous H C 1  s o l u t i o n s  
Region I type  c rack  growth i n  c o n c e n t r a t e d  aqueous H C 1  s o l u t i o n s  
has  been  repor ted  p rev ious ly  ( 1 3 ) .  Tests i n  such s o l u t i o n s  have been 
extended t o  s t u d y  t h e  i n f l u e n c e  of tempera ture ,  c o n c e n t r a t i o n  and pH on 
crack  growth i n  T i :8 -1 -1 .  Tests w e r e  conducted a t  tempera tures  between 
+60 and -20°C and a t  several  concen t r a t ions  of H C 1 ,  a l though t h e  l a t t e r  
v a r i a b l e  has n o t  been s t u d i e d  i n  s u f f i c i e n t  d e t a i l  t o  w a r r a n t  more than  
a pre l iminary  r e p o r t .  F ig .  3.2-6 shows p a r t i a l  V vs K r e l a t i o n s h i p s  
f o r  a s e r i e s  of tempera tures  and i t  can b e  s e e n  t h a t  t h e  r e g i o n  I and I1 
type  growth shows a s imple  tempera ture  dependence ove r  most of t h e  tempera ture  
range t e s t e d .  Region I type  growth, however, on ly  shows t h i s  s imple  
temperature  dependence up t o  +24"C as t h e  curve  f o r  +47"C e x h i b i t s  a much 
s t e e p e r  reg ion  I curve and c r o s s e s  several  of the curves f o r  lower t empera tu res .  
If  t h e  a c t i v a t i o n  energy f o r  c rack  v e l o c i t y  i s  computed a t  v a r i o u s  
K l e v e l s ,  va lues  of 5 Kcals/mole are o b t a i n e d  f o r  r eg ion  I1 growth 
and t h e  t r a n s i t i o n  r eg ion  ( r e g i o n  I Ia )  and 2 8  Kcals/rnole f o r  r eg ion  I 
growth (-20 t o  +24"C). 
P o l a r i z a t i o n  curves f o r  T i :  8-1-1 were measured f o r  t h e  same tempera ture  
range and two examples a r e  shown i n  F ig .  3.2-7 ( a )  & (b)  . I t  can b e  
seen  t h a t  the  anod ic -d i s so lu t ion  r eg ion  t ends  t o  d iminish  wi th  dec rease  i n  
tempera ture  and becomes very  small a t  - 4 ° C .  I f  t h e  c u r r e n t  d e n s i t y  i s  
computed a t  t h e  peak of t h e  anodic  hump and p l o t t e d  a g a i n s t  1 / T ,  as shown 
i n  F ig .  3 .2-7(c) ,  an appa ren t  a c t i v a t i o n  energy o f  26 Kcals/mole i s  o b t a i n e d .  
The s i m i l a r i t y  of t h i s  v a l u e  wi th  t h a t  
b u t  of course may b e  f o r t u i t o u s .  A second i n t e r e s t i n g  p o i n t  t h a t  may 
b e  seen  from F ig .  3.2-7(a) and (b )  i s  t h a t  t he  o p e n - c i r c u i t  p o t e n t i a l  
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F i g .  3.2-7 P o l a r i z a t i o n  curves  f o r  Ti:8Al-lMo-lV i n  10 PI HC1 
( a )  a t  + 4 7 " C  
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F i g .  3 .2-7 ( c )  V a r i a t i o n  of maximum c u r r e n t  d e n s i t y  of 'anodic  
hump' w i th  temperature  
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t ends  t o  move i n  t h e  anodic  d i r e c t i o n  as t h e  t empera tu re  i s  reduced. 
Th i s  could i n d i c a t e  t h a t  t h e  tests r e p o r t e d  above may n o t  b e  r i g o r o u s l y  
enough def ined as they were n o t  conducted a t  a f i x e d  p o t e n t i a l .  I t  is  
intended t o  r e p e a t  t h e s e  tests under p o t e n t i o s t a t i c  c o n d i t i o n s .  
Tests i n  a series of c o n c e n t r a t i o n s  of H C 1  i n d i c a t e  t h a t  r eg ion  
I t y p e  growth d i sappea r s  i f  t h e  c o n c e n t r a t i o n  i s  less  than  7M i n  t h e  
MA h e a t  t r ea tmen t .  (The c o n c e n t r a t i o n  dependence o f  v e l o c i t y  a t  a c o n s t a n t  
K l e v e l  is  shown i n  F ig .  3.5-1 and is  d i s c u s s e d  i n  S e c t i o n  3 .5 . )  
Analysis of t h e  f r a c t u r e  pa th  and topography o f  c racks  i n  t h e  h i g h l y  
a c i d i c  s o l u t i o n s  i s  d i f f i c u l t  due t o  i n t e n s e  chemical  a t t a c k  o f  t h e  f r a c t u r e  
s t i r f ace .  Thus a t  t h i s  t i m e  i t  has  n o t  been shown t h a t  any change t o  an 
i n t e r g r a n u l a r  f r a c t u r e  pa th  occurs  i n  r e g i o n  I as is  observed i n  methanol 
s o l u t i o n s .  
3 .2 .5  Organic S o l v e n t s  
A .  Methanol. A ser ies  of t es t s  h a s  been p e r f o p e d  i n  methanol 
c o n t a i n i n g  v a r i o u s  c o n c e n t r a t i o n s  of i o d i d e  i o n s  a t  s e v e r a l  t empera tu res .  
The maximum s o l u b i l i t y  of K I  i n  methanol a t  room t empera tu re  corresponds 
t o  a 0.8M s o l u t i o n  and t h i s  dec reases  w i t h  d e c r e a s i n g  t empera tu re .  Thus 
t h e  temperature  tests were conducted i n  a 0.25M s o l u t i o n  which w a s  n o t  
s u p e r s a t u r a t e d  a t  - 1 6 ° C .  More concen t r a t ed  s o l u t i o n s  can be  p repa red  
us ing  L i I ,  however, i t  i s  d i f f i c u l t  t o  o b t a i n  t h e  s a l t  i n  a h igh  p u r i t y  
c o n d i t i o n .  Some tes ts  were run i n  s o l u t i o n s  up t o  5 M  c o n c e n t r a t i o n  us ing  
r a t h e r  impure L i I .  
F ig .  3.2-8 shows t h e  V vs  K p l o t s  f o r  T i :  8-1-1 t e s t e d  i n  0.25M 
K I  a t  var ious t empera tu res .  There i s  some ev idence  t h a t  t h e  shape of 
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Fig .  3.2-8 Velocity-S tress i n t e n s i t y  r e l a t i o n s h i p s  f o r  
Ti:8Al-lMo-lV (MA) t e s t e d  i n  0.25M K I  a t  v a r i o u s  
t empera tu res .  
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and 16°C. I f  an a c t i v a t i o n  energy i s  computed from t h e s e  curves a v a l u e  
of 5 Kcal/mole i s  ob ta ined  f o r  r eg ion  I1 t ype  growth (K = 35 K s i f i )  
w h i l e  a value of 18 Kcals/mole i s  o b t a i n e d  f o r  r e g i o n  I t y p e  growth. 
The s i g n i f i c a n c e  of t h e s e  two v a l u e s  i s  n o t  c l e a r  a t  t h i s  t i m e ,  however, 
t h e  5 Kcal/mole v a l u e  f o r  r eg ion  I1 growth i s  n o t  d i s s i m i l a r  t o  t h e  
3.5 Kcals (8) found f o r  n e u t r a l  aqueous s o l u t i o n s  ( a  v a l u e  r e c e n t l y  
confirmed by Boyd, e t  a 1  (21) )  and is  t h e  same as t h a t  observed i n  
concen t r a t ed  H C 1 .  (The i n f l u e n c e  of c o n c e n t r a t i o n  on c r a c k  growth r a t e  
is  p resen ted  i n  F ig .  3.5-1 from which i t  can b e  s e e n  t h a t  t h e  dependence 
i s  r a t h e r  s imilar  t o  t h a t  observed i n  aqueous s o l u t i o n s  a l though  t h e  
4.7M K I  po in t  is r a t h e r  low.) 
The i n f l u e n c e  of h e a t  t r e a t m e n t  i s  shown i n  F i g .  3.2-9 from which 
i t  may b e  seen  t h a t  t h e  g e n e r a l  shapes of t h e  curves are s imi la r  t o  t h o s e  
observed ( c f .  F i g .  3.2-2) i n  aqueous s o l u t i o n s ,  a l though  n o t  unexpectedly 
c r a c k  growth occur s  a t  lower K va lues  than i n  n e u t r a l  aqueous s o l u t i o n s .  
Most region I1 type crack growth occur s  by  t h e  u s u a l  t r a n s g r a n u l a r  
c leavage-l ike f a i l u r e .  However, i n  r e g i o n  I type  growth, a mixed c r a c k  
pa th  i s  observed, some c racks  fo l lowing  t r a n s g r a n u l a r  pa ths  w h i l e  o t h e r s  
fo l low an i n t e r g r a n u l a r  p a t h .  The e x t e n t  of i n t e r g r a n u l a r  f a i l u r e  i n c r e a s e s  
as t h e  K l e v e l  dec reases .  Examples of t h e  f r a c t u r e  topography i n  
r eg ion  I1 and region I c rack  growth are shown i n  F ig .  3.2-10 ( a )  and (b)  
r e s p e c t i v e l y  . 
B.  Carbon T e t r a c h l o r i d e .  F i g .  3.2-11 shows t h e  V vs K 
r e l a t i o n s h i p  f o r  MA Ti:8-1-1 t e s t e d  i n  s p e c t r o c o p i c  p u r i t y  C C 1  ( t h e  
specimen was enclosed i n  a d r y - a i r  environment i n  a d e s s i c a t o r ) .  I t  
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Fig .  3.2-11 Veloc i ty  vs K r e l a t i o n s h i p s  f o r  Ti:8Al-lMo-lV 
t e s t e d  i n  s p e c t r o  grade  carbon t e t r a c h l o r i d e  
and carbon t e t r a c h l o r i d e  + i o d i n e .  
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curve  l i e s  above t h a t  specimen t e s t e d  i n  s p e c t r o s c o p i c  p u r i t y  methanol.  
The apparent  r eg ion  I type  growth does n o t  extend t o  lower v e l o c i t i e s  
i n  CC14  as 
t h i s  l i q u i d .  Cracking may b e  a c c e l e r a t e d  by t h e  a d d i t i o n  of  i o d i n e  t o  
C C 1  as shown i n  F ig .  3.2-11. The c rack ing  pa th  i s  predominately t r a n s g r a n u l a r  
i n  b o t h  s o l u t i o n s  a t  a l l  s t a g e s  of growth and only r a t h e r  l i m i t e d  ev idence  
f o r  i n t e r g r a n u l a r  s e p a r a t i o n  has  been observed a t  t h e  lower K v a l u e s .  
-6 c r ack  v e l o c i t i e s  <lo cm/sec have n o t  been observed i n  
4 
C.  Misce l laneous .  The T i : 8 - 1 - 1  a l l o y  i n  t h e  MA c o n d i t i o n  
has  been  t e s t e d  i n  t w o  o t h e r  s o l u t i o n s :  t h e  molten K l - I  e u t e c t i c  ( a t  
90°C),  and ace tone  + L i B r  ( a t  60°C) .  Both s o l u t i o n s  produce r a p i d  c rack  
growth, however, t h e  V vs K r e l a t i o n s h i p s  have n o t  been determined 
i n  d e t a i l  due to t h e  opac i ty  of  t h e  s o l u t i o n s .  
2 
3 . 3  S C C  and P o l a r i z a t i o n  Curves i n  Molten S a l t s  
The c racking  of  t i t a n i u m  a l l o y s  i n  c o n t a c t  w i th  s o l i d  s a l t  a t  e l e v a t e d  
temperatures  ( h o t - s a l t  c racking)  w a s  f i r s t  observed i n  t h e  l a t e  1 9 5 0 ' s .  
S ince  t h a t  d a t e  a cons ide rab le  amount of d a t a  has  been gene ra t ed  on 
t h e  phenomenon b u t  t h e r e  is  l i t t l e  agreement on t h e  b a s i c  mechanisms 
which c o n t r o l  c racking .  This i s  due t o  t h e  i r r e p r o d u c i b i l i t y  of r e s u l t s  
ob ta ined ,  which i s  perhaps n o t  s u r p r i s i n g  as it appears  t h a t  t h e  many 
v a r i a b l e s  a re  n o t  a l l  c o n t r o l l e d  i n  t h e  t e s t  methods used.  I n  p a r t i c u l a r ,  
t h e  c o n t a c t  of t h e  s o l i d  s a l t  w i th  t h e  metal  i s  n o t  w e l l  d e f i n e d .  An 
i n v e s t i g a t i o n  of c racking  i n  -- molten s a l t s  has  been i n i t i a t e d  w i t h i n  
t h i s  l abora to ry  as i t  w a s  cons idered  t h a t  such a s tudy  may p rov ide  a l i n k  
between aqueous room-temperature S C C  and h o t - s a l t  c r ack ing .  Such molten- 
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sa l t  environments are u s e f u l  bo th  because of t h e  wide tempera ture  range 
a v a i l a b l e  f o r  s tudy  and because t h e  e l e c t r o c h e m i c a l  v a r i a b l e s  can b e  
c o n t r o l l e d .  I n  a d d i t i o n ,  use of very-pure c h l o r i d e  m e l t s  shou ld  e n a b l e  
a c r i t i c a l  t es t  of whether  hydrogen embr i t t l emen t  o r  format ion  of an 
ox ide  p l a y s  a c r i t i c a l  r o l e  i n  t h e  p ropaga t ion  of a stress c o r r o s i o n  c r a c k .  
It would appear  from t h e  work i n  t h i s  l a b o r a t o r y  t h a t  C1-, B r -  o r  I- i o n s  
a r e  e s s e n t i a l  b u t  t h a t  hydrogen o r  oxygen p l ay  a secondary r o l e ,  i f  
any. The i n i t i a l  work on h o t  s a l t  c racking  showed t h a t  cracks are formed 
i n  certain T i  a l l o y s  i n  t h e  presence of stress, tempera ture  and s o l i d  
sodium c h l o r i d e .  Rideout e t  a l .  (22 )  and Gray (23) cons idered  t h a t  t h e  
c r i t i ca l  s t e p  i n  t h e  process  i s  the p roduc t ion  of H C 1  gas by h y d r o l y s i s  
and t h a t  hydrogen from t h i s  gas was r e s p o n s i b l e  f o r  t h e  a t t a c k .  S u s c e p t i b i l i t y  
has  a l s o  been found i n  molten L i C 1 - K C 1  e u t e c t i c  (241, where t h e  f a i l u r e  
of a s t r e s s e d  specimen w a s  s t a t e d  as " ins t an taneous" .  Other r e l e v a n t  
r e p o r t s  concern g e n e r a l  co r ros ion  of pu re  t i t a n i u m  i n  impure melts of L i C 1 - K C 1  
e u t e c t i c  (25) ,  and p o l a r i z a t i o n  curves of t i t a n i u m  have been r e p o r t e d  f o r  
s e v e r a l  molten sa l t  systems ( 2 6 ) .  
3 . 3 . 1  Molten S a l t  Sys t ems  Studied 
Two f a c t o r s  are important i n  t h e  s e l e c t i o n  of s a l t  systems t h a t  can 
be  used  t o  s tudy  SCC behav io r .  These are: ( a )  t h e  m e t a l l i c  i o n  i n  
t h e  s a l t  must b e  more e l e c t r o n e g a t i v e  than  t i t a n i u m  o r  t h e  t i t a n i u m  w i l l  
r e p l a c e  t h e  i o n ,  t h u s  r e s t r i c t i n g  t h e  cho ice  of salts  t o  those  of t h e  
a l k a l i ,  t h e  a l k a l i n e  e a r t h  series; and A l ,  Z r ,  and Mn; (b)  t h e  me l t ing  
p o i n t  of t h e  sa l t  mixture  should  not be  too  h i g h ,  s ay  <450°C, i n  o r d e r  t o  
a v o i d  changing t h e  m e t a l l u r g i c a l  s t r u c t u r e .  
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These two r e s t r i c t i o n s  r e s u l t  i n  a r a t h e r  l i m i t e d  number of p o s s i b i l i t i e s .  
For example, no systems based  on SO o r  PO are p o s s i b l e ,  and i t  is d i f f i c u l t  4 4 
t o  produce h igh  F- con ten t s  i n  s o l u t i o n .  
e u t e c t i c s  are formed between t h e  v a r i o u s  a l k a l i  h a l i d e s ,  and of  t h e s e ,  two 
- - 
However, s e v e r a l  low m e l t i n g  p o i n t  
have been used t o  d a t e  i n  t h i s  s tudy :  
L i C 1 : K C l  [58 mole % L i C l ]  mp. 352°C 
L i B r : K B r  [60 mole % L i B r ]  mp 348°C 
A second series of low me l t ing  p o i n t  s o l u t i o n s  of i n t e r e s t  are 
n i t r a t e s .  Three composi t ions t h a t  have been used t o  d a t e  are: 
LiNO :KNO 
LiN03:KN0 
NaN03:KN03 [50 mole % N a N O  3 mp 223°C 
[44 mole % LiN03] mp 125°C 
[ 8 1  mole % LiN03] mp -160°C 
3 3  
3 
3 
It w a s  found t h a t  h igh  concen t r a t ions  of Cl-( in  t h e  form of KC 
t h e  a l k a l i  
) could  
added t o  these  melts if t h e  tempera ture  w a s  above 300-350°C. I o d i d e  
3e 
a d d i t i o n s  were more d i f f i c u l t  t o  make, e s p e c i a l l y  t o  LiNO m e l t s  because  
r e a c t i o n  occurred .  
3 
a l though i n  r a t h e r  low c o n c e n t r a t i o n s .  A l i m i t e d  amount of work has  
been performed i n  hydroxide  systems,  b u t  as t h e s e  s o l u t i o n s  produce r a p i d  
g e n e r a l  co r ros ion ,  work wi th  t h e s e  m e l t s  ha s  been d i scon t inued .  
3 
However, i o d i d e  could  b e  added t o  t h e  N a N 0 3 : ~ ~ 0  m e l t s ,  
Other  melts t h a t  could be  cons ide red  are cyanides  and th iocyana te s  
b u t  t h e s e  have n o t  been i n v e s t i g a t e d  due t o  t h e i r  h igh  t o x i c i t y .  F i n a l l y ,  
b iphosphates ,  b i s u l p h a t e s  e t c . ,  have low m e l t i n g  p o i n t s  b u t  w e  have been 
unable  t o  s u c c e s s f u l l y  m e l t  such sal ts ,as  dehydra t ion  occur s  and t h e  
m e l t  reverts t o  a s o l i d .  I t  i s  proposed t o  i n v e s t i g a t e  t h e s e  s a l t s  i n  
more d e t a i l  a t  a l a t e r  d a t e .  
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3.3.2 Experimental  Methods 
A. Specimens. The specimens used i n  t h i s  s t u d y  t o  d a t e  are t h e  
0.1" t h i c k  DCB specimens desc r ibed  i n  s e c t i o n  3.2.1. 
ear l ier ,  room tempera ture  p r o p e r t i e s  are used t o  compute K va lues  and 
thus  t h e s e  v a l u e s  are i n a c c u r a t e .  However, t h e s e  s i m p l e  specimens have 
provided  much u s e f u l  comparative data  f o r  c r ack ing  behav io r  i n  molten- 
sa l t  environments .  
As po in ted  ou t  
B .  Al loys . Ti:8Al-lMo-lV w a s  chosen f o r  t h i s  s t u d y  as a 
c o n s i d e r a b l e  amount of  d a t a  f o r  c racking  behav io r  i n  o t h e r  environments  
w a s  a v a i l a b l e .  F u r t h e r ,  as cracking  w a s  subsequen t ly  found t o  occur  
on s p e c i f i c  c r y s t a l  planes,  t h e  use of t h e  s imple  DCB specimens,  s u i t a b l y  
o r i e n t a t e d ,  w a s  p o s s i b l e .  Only one h e a t  t r e a t m e n t  has been s t u d i e d  
a t  t h i s  t i m e  which c o n s i s t e d  of 24 hours  a t  820"C, s t e p  coo l ing  t o  5 5 0 " C ,  
h o l d i n g  a t  t h i s  tempera ture  f o r  48 h r s  and fu rnace  c o o l i n g  t o  room tempera ture  
(Approximately t h e  SC treatment desc r ibed  i n  s e c t i o n  3.2.2) .  
C .  The Dry B o x .  The enc losu re ,  made by Vacuum Atmospheres, I n c . ,  
w a s  f i l l e d  wi th  argon.  A molecular  sieve d ry ing  bed  i n  t h e  p u r i f i c a t i o n  
t r a i n  reduced t h e  moi s tu re  c o n t e n t  t o  a f e w  p a r t s  p e r  b i l l i o n  by volume. 
The mois tu re  level w a s  cont inuous ly  monitored by a P a r a m e t r i c s ,  I n c .  
i n s t rumen t .  A copper  furnace ,  opera ted  a t  300"C, and p e r i o d i c a l l y  r e g e n e r a t e d ,  
removed 0 t o  a level of a few p a r t s  p e r  m i l l i o n  and a t i t a n i u m  fu rnace  
o p e r a t e d  a t  7 0 0 ° C  removed N t o  a l e v e l  of  a few p a r t s  p e r  m i l l i o n .  No 
q u a n t i t a t i v e  measure of t h e  O 2  or  N 
b u t  l i g h t  b u l b s  wi thou t  t h e  g l a s s  envelope w i l l  burn  cont inuous ly  f o r  
several days i n  t h e  enc losu re .  
2 
2 
c o n t e n t  i s  a v a i l a b l e  a t  p r e s e n t ,  2 
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D .  P r e p a r a t i o n  of t h e  Melts. The L i C 1 - K C 1  and LiBr-KBr  m e l t s  
were prepared i n  t h e  i n e r t  atmosphere e n c l o s u r e ,  t o  p reven t  h y d r o l y s i s  (27 ) .  
L i C l w a s  p u r i f i e d  by evacua t ing  t h e  s a l t  i n  a pyrex  c o n t a i n e r  connected t o  a 
bed of P 0 a t  room tempera ture ,  p a s s i n g  H C 1  gas  i n t o  t h e  c o n t a i n e r ,  and al low- 
i n g  t h e  L i C l  t o  s i t  a t  tempera ture  (320OC) f o r  48 hours .  This  w a s  done 
t o  remove H 0 and conver t  t o  t h e  c h l o r i d e  any hydroxide  formed by h y d r o l y s i s .  
K C 1  w a s  d r i e d  i n  an oven f o r  several  hours  a t  120°C, and cooled  i n s i d e  
t h e  dry  box. I t  was found t h a t  t h e s e  p u r i f i e d  materials s t i l l  conta ined  
some water, and upon me l t ing ,  b l a c k  p a r t i c l e s  were observed t o  be  f l o a t i n g  
i n  t h e  m e l t .  These p a r t i c l e s  were probably p roduc t s  of decomposi t ion 
of o rgan ic  r e s i d u e s  remaining a f t e r  commercial p u r i f i c a t i o n  and dehydra t ion  
of t h e  sa l t s .  The L i C 1 - K C 1  e u t e c t i c  mix tu re ,  a v a i l a b l e  i n  very  h igh  p u r i t y  
from Anderson Phys ics  Labora tory ,  I n c . ,  w a s  a l s o  used f o r  p o l a r i z a t i o n  and 
SCC s t u d i e s .  The water con ten t  of t h i s  s a l t  i s  s p e c i f i e d  t o  b e  less t h a n  
10 ppm. 
2 5  
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The n i t r a t e  m e l t s  (with c h l o r i d e )  were used i n  t h e  open a i r .  A l l  
s a l t s  were r e a g e n t  grade ,  and were used wi thou t  f u r t h e r  p u r i f i c a t i o n .  
The glassware ( e i t h e r  Pyrex o r  Vycor) c o n t a i n i n g  t h e  N a N O  -KNO -KC1 m e l t s  
d i d  no t  become e tched ,  which i s  evidence t h a t  t h e r e  w a s  on ly  a small  
amount of h y d r o l y s i s .  Hydrolys is  i s  more pronounced i n  t h e  L i N O  -KNO - K C 1  
3 3  
3 3 
m e l t ,  where t h e  g lassware  d i d  become s l i g h t l y  e t ched  a f t e r  b e i n g  used 
s e v e r a l  days. 
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E. Reference  E lec t rodes .  Reference  e l e c t r o d e s  w e r e  e s s e n t i a l l y  
+ Ag/Ag ( i n  m e l t ) .  These were made by drawing Pyrex g l a s s  t u b i n g  t o  a f i n e  
c a p i l l a r y ,  i n t r o d u c i n g  AgCl i n t o  the  tube  and i n s e r t i n g  s i lver  w i r e .  When 
t h e  c a p i l l a r y  t i p  w a s  immersed i n  the m e l t ,  l i q u i d  w a s  drawn i n t o  t h e  
r e f e r e n c e  e l e c t r o d e  tube ,  d i s s o l v i n g  t h e  AgC1. V a r i a b l e  amounts of AgCl were 
d i s s o l v e d  - t h u s  l e a d i n g  t o  some u n c e r t a i n t y  when p o t e n t i a l s  are compared f o r  
two d i f f e r e n t  r e fe rence  e l e c t r o d e s .  This u n c e r t a i n t y  arises because  t h e  
r e f e r e n c e  e l e c t r o d e  i s  s e n s i t i v e  t o  Ag+ i o n s ,  t h e  c o n c e n t r a t i o n  of  which 
i s  v a r i a b l e .  A l s o ,  t h e r e  i s  a v a r i a b l e  l i q u i d  j u n c t i o n  p o t e n t i a l .  I t  seems 
t h a t  bo th  of  t h e s e  c o n t r i b u t i o n s  must b e  s m a l l  ( l e s s  t han  100 mV), s i n c e  
t h e  p o l a r i z a t i o n  curves f o r  t h e  melts are  very similar even though they 
were measured wi th  d i f f e r e n t  r e fe rence  e l e c t r o d e s .  Also,  p o t e n t i a l s  
measured between d i f f e r e n t  e l e c t r o d e s  w e r e  i n  t h e  range  10-50 mV. 
F. Experimental  Methods. The p o l a r i z a t i o n  cu rves  were determined 
w i t h  a Wenking p o t e n t i o s t a t  and a l inear-ramp v o l t a g e  c o n t r o l .  Curren t  and 
p o t e n t i a l  were recorded  on a Honeywell x-y r eco rde r .  The working e l e c t r o d e  
which w a s  e i t h e r  g r a p h i t e  o r  t i t an ium i s  i d e n t i f i e d  on t h e  i n d i v i d u a l  
cu rves .  The coun te r  e l e c t r o d e  w a s  always g r a p h i t e .  
For  t h e  SCC tests, t h e  specimen w a s  h e l d  p o t e n t i o s t a t i c a l l y  a t  t h e  
d e s i r e d  p o t e n t i a l .  It w a s  p o s s i b l e  t o  p o t e n i o s t a t i c a l l y  p r o t e c t  t h e  specimen, 
i . e . ,  prevent  i t  from cracking ,  u n t i l  t h e  d e s i r e d  t e a p e r a t u r e  was reached .  
V e l o c i t i e s  were measured e i t h e r  v i s u a l l y  through a b i n o c u l a r  microscope,  o r  
by motion p i c t u r e  photography. 
Temperature of t h e  melts, measured wi th  a thermocouple i n s i d e  a g l a s s  
case, could b e  c o n t r o l l e d  t o  - + 10°C dur ing  t h e  SCC t e s t s .  
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3.3.3 P o l a r i z a t i o n  Curves 
A.  L i C 1 - K C 1 .  F igu res  3 . 3 - l ( a ) ,  (b )  and 3.3-2 show t h e  
p o l a r i z a t i o n  curves measured w i t h  g r a p h i t e  e l e c t r o d e s  i n  t h e  c h l o r i d e  mel t s .  
The impure m e l t  e x h i b i t e d  a Irhump" a t  about  -500 mV t h a t  d i sappea red  on 
cont inued  e l e c t r o l y s i s .  The h igh -pur i ty  m e l t  showed no "humps" i n  t h i s  r eg ion .  
The ca thod ic  branch of t h e  cu rve  (more n e g a t i v e  than  -1200 mV) f o r  t h e  pu re  
m e l t  r e p r e s e n t s  t h e  d e p o s i t i o n  of l i t h i u m  from t h e  m e l t .  The anod ic  branch  
of t h i s  curve (more p o s i t i v e  t h a n  +lo00 mV) r e p r e s e n t s  t h e  g e n e r a t i o n  of 
c h l o r i n e  gas. .The wide s t a b l e  r eg ion  between t h e s e  two extremes makes i t  pos- 
s i b l e  t o  s tudy  t h e  t i t a n i u m  e l e c t r o d e  r e a c t i o n s  i n  t h e  m e l t .  A p r o j e c t  for 
t h e  immediate f u t u r e  i s  a c a r e f u l  de t e rmina t ion  of t h e  e l e c t r o c h e m i c a l  
parameters  f o r  t i t a n i u m  d i s s o l u t i o n  i n  a very  pu re  m e l t .  
Titanium a n o d i c a l l y  d i s s o l v e s  i n  t h e  e u t e c t i c  w i t h  a n  o v e r a l l  two- 
e l e c t r o n  r e a c t i o n  t o  produce green  s o l u t i o n s  of T i ( I 1 ) .  We have  a l s o  
prepared  these s o l u t i o n s  by r e a c t i n g  a s o l u t i o n  of T i C l  i n  t h e  m e l t ,  w i t h  
T i  metal ( see  a l s o  ( 2 5 ) ) .  Upon adding  a s m a l l  amount of  an  impure m e l t  t o  
t h e s e  T i  (11) s o l u t i o n s ,  a da rk  gray-black p r e c i p i t a t e  is formed. This  
p r e c i p i t a t e  i s  probably an  ox ide  formed from T i  (11) and ox ide  i m p u r i t i e s ,  
and has  been observed by o t h e r s  (25) i n  t h e  d i r e c t  c o r r o s i o n  of T i  by a n  
impure m e l t .  The exac t  composi t ion of t h e  p r e c i p i t a t e  i s  no t  known, however. 
B .  P o l a r i z a t i o n  Curves f o r  t h e  L i N O  - KNO - K C 1  m e l t .  
3 
3 -  3 
3 P o l a r i z a t i o n  curves  f o r  t h e  pu re  n i t r a t e  m e l t  of composi t ion 81 mol% L i N O  
are shown i n  F i g s .  3 .3-3(a) ,  and ( b ) ,  determined on a g r a p h i t e  e l e c t r o d e .  
F igu re  3.3-4 w a s  determined w i t h i n  t h e  same t empera tu re  range on a T i : 8 - 1 - 1  
e l e c t r o d e .  It  w a s  n o t  p o s s i b l e  t o  run  tests i n  t h e  LiN03 - KN03 melts 
















RE Ag/Ag+ (melt) 
CE Graphite 
t + l o -  - < 







Potential (mV) - 
F i g .  3 .3 -1  P o l a r i z a t i o n  curves of L i C 1 - K C 1  e u t e c t i c  a t  450°C: 
(a)  impure melt 
( b )  e l e c t r o l y z e d  m e l t  
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F i g .  3.3-2  
T = 450°C 
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Polarization behavior of graphite in LiNO (81 mol%)- 
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Fig. 3 . 3 - 4  P o l a r i z a t i o n  behavior  of Ti:8%Al-l%V-l%Mo in 81 mol% 
LiN03-19 mol% KN03. 
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a t  p o t e n t i a l s  more n e g a t i v e  t h a n  -1200 mV, because  of  t h e  h igh  c u r r e n t s  
r e q u i r e d .  The e l e c t r o c h e m i s t r y  does n o t  change a p p r e c i a b l y  w i t h  added K C 1  
as shown i n  F igs .  3.3-5(a) and (b) .  Titanium does n o t . a n o d i c a l l y  d i s s o l v e  i n  
t h e s e  m e l t s .  We a l s o  conclude t h a t  t h e s e  p o l a r i z a t i o n  curves do no t  
r e p r e s e n t  t h e  e l e c t r o c h e m i s t r y  i n  p ropaga t ing  stress c o r r o s i o n  c r a c k s ,  where 
f r e s h  t i t a n i u m  i s  exposed a t  t h e  crack t i p .  
C.  P o l a r i z a t i o n  curves i n  NaN03 - KN03 - K C 1  melts. 
P o l a r i z a t i o n  curves f o r  t i t a n i u m  t h e  N a N O  -KNO e u t e c t i c  and t h e  e u t e c t i c  
p l u s  KC1 are given  i n  F i g s .  3.3-6 and 3.3-7. We propose  t h a t  t h e  same 
e l e c t r o d e  r e a c t i o n s  t a k e  p l a c e  i n  t h e s e  melts as i n  t h e  LiN03-KN0 
d i scussed  above. 
t h e  s t a b i l i t y  of t h e  m e l t .  I n  the p u r e  e u t e c t i c ,  t h e  anod ic  branch of t h e  
curve  was probably due t o  
3 3  
m e l t  3 
The e f f e c t  of r e p l a c i n g  L i +  by Na+ i s  t o  i n c r e a s e  
because  a brown gas w a s  evolved, presumably NO On t h e  c a t h o d i c  branch ,  
no gas w a s  evolved, and w e  propose t h a t  t h e  e l e c t r o d e  r e a c t i o n  was 
2 '  
2e- + 2NO; ( s o h ) +  2NO; ( s o h )  + 0-2 ( s o h ) .  
Bloom and Hastie (28) propose t h e  fo l lowing  e q u i l i b r i u m  i n  n i t r a t e  m e l t s :  
NO;(soln) 2 NO;(soln) + 0-2 ( so ln )  
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Fig .  3.3-5 P o l a r i z a t i o n  behavior  i n  LiN03(81 mol%)-KN03(19 m o l % )  with 
K Cl(34 wgt%) 
(a) of Graphi te  
(b)  T i :  8%Al-l%V-l%Mo 
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Temp. = 375°C 
WE Ti : 8 AI : 1 Mo : 1V 
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F i g .  3.3-6  P o l a r i z a t i o n  curve  on Ti:8%Al-l%V-l%Mo i n  
N a N O  -KNO e u t e c t i c .  
3 3  
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E l  
= I  -10 
Temp. =375"C 
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Potential (mV) - 
Cathodic 
Fig. 3.3-7 Polarization curve on Ti:8%Al-l%V-l%Mo in 
N a N O  -KNO eutectic with K C 1  (19 wgt % I .  
3 3  
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The above r e a c t i o n s  can b e  r e w r i t t e n  t h e r e f o r e  as 
(anodic)  NO+ ( s o h )  + O-*(soln) + N02(g) + 1 02(g) + e- 
2 
and 
( c a t h o d i c )  
+ 
2 2 NO ( so ln)  + 2e- -+ NO- ( s o l n )  
The a d d i t i o n  of K C 1  t o  t h e  n i t r a t e  e u t e c t i c  does n o t  a f f e c t  t h e  
p o l a r i z a t i o n  curve a p p r e c i a b l y ,  as s h m n  i n  Fig.  3 .3 -7 .  We propose t h e r e f o r e  
t h a t  t h e  anodic  and c a t h o d i c  r e a c t i o n s  i n  t h i s  m e l t  are the  same as i n  t h e  
n i t r a t e  e u t e c t i c .  
Titanium does n o t  d i r e c t l y  d i s s o l v e  i n  t h e s e  m e l t s  as evidenced by 
t h e  f a c t  t h a t  t h e s e  p o l a r i z a t i o n  curves were determined wi th  a Ti :8-1-1 
working e l e c t r o d e .  
i n  t h e  i n t e r m e d i a t e  r eg ion  and the anod ic  and c a t h o d i c  branches becoming 
more widely s e p a r a t e d  wi th  t i m e .  This probably r e p r e s e n t s  more complete 
p a s s i v a t i o n  of t h e  s u r f a c e  as time p r o g r e s s e s .  Because f r e s h  t i t a n i u m  is  
c o n t i n u a l l y  be ing  exposed i n  s t r e s s  co r ros ion  c r a c k s ,  one concludes t h a t  
t h e s e  curves do n o t  r e p r e s e n t  the e l e c t r o c h e m i s t r y  i n  stress c o r r o s i o n  
c r a c k s ,  The anodic  and ca thod ic  branches  are undoubtedly very  c l o s e  
t o g e t h e r  on a f r e s h  s u r f a c e  
r e a c t i o n s  on a f r e s h  s u r f a c e .  We propose t h a t  t h e  curves do show t h a t  
t h e  e l e c t r o c h e m i s t r y  on oxide-covered t i t a n i u m  does n o t  change apprec iab ly  
as c h l o r i d e  is  added t o  n i t r a t e  e u t e c t i c .  
The curves do change w i t h  t i m e  however, becoming f l a t t e r  
and C 1 -  undoubtedly p a r t i c i p a t e s  i n  t h e s e  
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D. P o l a r i z a t i o n  Curves i n  Misce l laneous  Melts. A p o l a r i z a t i o n  
curve  f o r  a L i N O  - KN03 - KBr m e l t  at 310°C i s  shown i n  F ig .  3.3-8. The 
anodic  branch r e p r e s e n t s  bromine e v o l u t i o n  on t h e  T i :  8-1-1 e l e c t r o d e .  
3 
A p o l a r i z a t i o n  curve f o r  a NaN03 - KN03 - NaI - K I  m e l t  i s  shown i n  
Fig.  3.3-9. The anodic  branch is  due t o  i o d i n e  e v o l u t i o n  on t h e  Ti :8-1-1 
e l e c t r o d e .  
3.3.4 Stress Corrosion Cracking R e s u l t s  
The r e s u l t s  of t h e  stress c o r r o s i o n  c rack ing  experiments are 
p r e s e n t e d  as v e l o c i t y  ve r sus  stress i n t e n s i t y  f a c t o r  f o r  most m e l t s .  For 
s e v e r a l  miscellaneous m e l t s ,  d e t a i l e d  c rack ing  behav io r  i s  n o t  r e p o r t e d ,  b u t  
s u s c e p t i b i l i t y  i n  t h e s e  melts i s  t a b u l a t e d .  
A .  L i  C 1  - K C 1  E u t e c t i c .  The v e l o c i t y  ve r sus  stress i n t e n s i t y  
f a c t o r  i s  shown i n  F i g .  3.3-10 f o r  c rack ing  i n  t h i s  m e l t  a t  375°C. The 
r e s u l t s  a r e  similar t o  t h o s e  found i n  o t h e r  environments,  i n  t h a t  b o t h  
r eg ion  I and r eg ion  I1 c rack ing  behav io r  are observed .  This f i g u r e  r e p r e s e n t s  
t h e  composite of t h r e e  exper iments ,  which were run i n  a m e l t  which had 
a s m a l l  amount of water i n  i t .  These t h r e e  experiments were performed 
i n  t h e  open l a b o r a t o r y  w i t h  an argon b l a n k e t  ove r  t h e  ce l l .  The t e s t s  
were run a t  -900 mV (vs .  Ag/Ag ) , which w a s  j u s t  anod ic  of t h e  rest 
p o t e n t i a l  of t i t a n i u m  i n  t h i s  m e l t .  
+ 
Other tests were run i n  t h e  i n e r t  atmosphere e n c l o s u r e  i n  the ve ry  
pu re  c h l o r i d e  m e l t  and t h e  same behav io r  w a s  observed ,  i .e . , :  (a) no 
c rack ing  was observed when t h e  specimen w a s  h e l d  c a t h o d i c  of t h e  rest poten- 
t i a l ,  b u t  cracking occur red  w i t h  t h e  specimen a t  open c i r c u i t  o r  anod ic  of 
t h e  rest p o t e n t i a l  i n  t h e  m e l t :  (b) no q u a l i t a t i v e  d i f f e r e n c e s  i n  c rack ing  
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P o l a r i z a t i o n  curve on T i :  8%Al-l%V-l%Mo i n  LiNO (81 mol%)- 
KNO (19 mol%) w i t h  KBr (29 wgt%). 
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Fig .  3.3-9 P o l a r i z a t i o n  behav io r  on T i  :8%Al-l%V-l%Mo i n  
NaN03-KN03 e u t e c t i c  w i t h  NaI ( 2 1  wgt %) and K I  ( 1 7  wgt %). 
6 3  
1 0 '  
10-2 
10-3 
1 0 4  
0 
I" 
Ti : 8 AI : 1 Mo : 1 V  
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Fig .  3.3-10 Veloc i ty-St ress  i n t e n s i t y  r e l a t i o n s h i p s  f o r  
T i :  8Al - lMo- lV  (SC) t e s t e d  i n  L i C 1 - K C 1  
e u t e c t i c  a t  375°C and -900 mV. 
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v e l o c i t y  were observed between pu re  and impure m e l t s  w i th  bo th  i n  t h e  i n e r t  
atmosphere enc losu re ;  ( c )  no q u a l i t a t i v e  d i f f e r e n c e s  i n  c rack ing  v e l o c i t y  
were observed i n  t h e  pure  m e l t  between specimens t h a t  had  been  h e a t e d  t o  450°C 
t o  promote water removal from t h e  s u r f a c e ,  and t h o s e  which were n o t  
hea ted ;  and (d) t h e  c rack  grew t o  t h e  same leng th  i n  bo th  m e l t s  (wi th  
t h e  same i n i t i a l  K l e v e l ) .  I n  a d d i t i o n ,  w e  observed t h a t  a p ropaga t ing  
c rack  could b e  s topped  by s w i t c h i n g  t h e  p o t e n t i a l  o f  t h e  specimen 
back t o  the  c a t h o d i c  s i d e  of t h e  rest p o t e n t i a l  - f o r  bo th  s t a g e  I and 
s t a g e  I1 cracking .  
B .  ' L i N O  - KN03 - K C 1  melts. A l l  of  t h e  tests were run  a t  375°C 3 
i n  t h e  ambient a i r  of t h e  l a b o r a t o r y .  The water con ten t  of a 50 mol% LiN03 
-50 mol% KNO m e l t  can b e  e s t i m a t e d  t o  b e  moles H O/mole n i t r a t e  (29) .  
S i n c e  t h e  g l a s s  c e l l  i s  e tched  s lowly  i n  t h e  n i t r a t e  m e l t  w i t h  h igh  c h l o r i d e  
con ten t ,  i t  i s  probable  t h a t  t h e  water c o n t e n t  i s  h i g h e r  i n  t h e s e  melts ( o r  
t h e  i m p u r i t i e s  r e s u l t i n g  from h y d r o l y s i s  are of h i g h e r  c o n c e n t r a t i o n )  . 
Resu l t s  which have been ob ta ined  show an  i n f l u e n c e  of t h e  fo l lowing  f a c t o r s  
on t h e  c rack  v e l o c i t y :  
3 2 
1. stress i n t e n s i t y  a t  t h e  c rack  t i p ;  
2 .  composition, i . e . ,  C1-  c o n c e n t r a t i o n  i n  t h e  m e l t ;  
3. + e l e c t r i c a l  p o t e n t i a l  of t h e  specimen ve r sus  t h e  Ag/Ag 
r e f e r e n c e  e l e c t r o d e ;  
4 .  t empera ture  of m e l t .  
F igures  3.3-11, 3.3-12 and 3.3-13 show t h e  curves  of v e l o c i t y  
v e r s u s  s t r e s s  i n t e n s i t y  a t  t h e  c rack  t i p ,  f o r  melts of  v a r i o u s  composi t ion 
and w i t h  va r ious  e l ec t r i ca l  p o t e n t i a l s .  As i n  o t h e r  environments ,  t h e r e  i s  a 
r eg ion  of stress i n t e n s i t y  i n  which t h e  v e l o c i t y  i s  stress dependent ( s t a g e  I )  
and a region i n  which i t  i s  independent  of  stress ( s t a g e  11). 
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Fig. 3.3-11 Velocity-Stress intensity relationships for 
Ti: 8A1-lMo-1.V (SC) for several concentrations 
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Fig .  3.3-12 Ve loc i ty -S t r e s s  i n t e n s i t y  r e l a t i o n s h i p s  f o r  
3 T i :  8A1-1Mo-1V (SC)  t e s t e d  i n  a LiN03-KN0 
m e l t  c o n t a i n i n g  48 mole % K C 1  a t  several  
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F i g .  3.3-13 Veloc i ty-St ress  i n t e n s i t y  r e l a t i o n s h i p s  f o r  
T i :  8 A l - l M o - l V  (SC) t e s t e d  i n  a LiN03-KN03 m e l t  
c o n t a i n i n g  23 m o l e  % K C 1  a t  s e v e r a l  p o t e n t i a l s  
( t e s t  temperature 3 7 5 O c ) .  
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The i n f l u e n c e  of p o t e n t i a l  i s  d i f f e r e n t  f o r  t h e  two s t a g e s  o f  c r ack  
propagat ion .  The p l a t e a u  v e l o c i t y  seems t o  b e  v i r t u a l l y  independent  of  
e l e c t r i c a l  p o t e n t i a l  f o r  0 ,  -500, and -1000 mV (on t h e  c a t h o d i c  s i d e  of 
t h e  rest p o t e n t i a l )  i n  t h e  48 mol% K C 1  m e l t ,  b u t  i s  p o t e n t i a l  dependent 
f o r  t h e  23 mol% K C 1  m e l t .  The i n f l u e n c e  of p o t e n t i a l  on s t a g e  I c rack ing  
v e l o c i t y  a t  a p a r t i c u l a r  stress i n t e n s i t y  (30 K s i  i n )  i s  shown i n  F ig .  3.3-14. 
It  is  u n c e r t a i n  a t  p r e s e n t  whether  t h e r e  i s  s t a g e  I1 c rack ing  a t  +2000 mV 
(on t h e  anodic  branch of t h e  p o l a r i z a t i o n  curve)  a t  h i g h e r  stress i n t e n s i t i e s .  
The c racking  remains t r a n s g r a n u l a r  f o r  bo th  anodic  and c a t h o d i c  p o t e n t i a l s .  
The in f luence  of c h l o r i d e  c o n c e n t r a t i o n  on t h e  c rack  v e l o c i t y  i s  q u i t e  
4- 
s t r i k i n g .  In t h e  p o t e n t i a l  range from +2000 mV t o  -2000 mV, t h e r e  i s  no 
d e t e c t a b l e  c rack  propagat ion  i n  t h e  pu re  n i t r a t e  (81  mole % L i  NO ) f o r  
stress i n t e n s i t i e s  of 50 (Ksi  i n )  o r  less. Specimens al lowed t o  s t a n d  
i n  t h e  pure n i t r a t e  f o r  20 h r s .  a t  375"C, a t  open c i r c u i t  e x h i b i t e d  no 
d e t e c t a b l e  c racking .  Therefore ,  i f  t h e r e  w a s  c r ack  p ropaga t ion  i t  must have 
been a t  v e l o c i t i e s  less than  cm/sec. F igu re  3.3-15 shows t h e  
3 
d- 
i n f l u e n c e  of c h l o r i d e  concen t r a t ion  on 
The ch lo r ide  concen t r a t ion  i s  shown as 
concen t r a t ion  range from pure  L i N O  - 
f r a c t i o n  of 0 .5) .  The v e l o c i t y  i n  t h e  
3 
c r a c k  v e l o c i t y  f o r  s t a g e  I1 c rack ing .  
i o n  f r a c t i o n  i n  o r d e r  t o  cover  t h e  
KNO 
c h l o r i d e  e u t e c t i c  i s  inc luded ,  even 
t o  pu re  L i C 1 - K C 1  (C1- i o n  3 
though t h e  p o t e n t i a l  cond i t ions  may n o t  b e  compared. Data i n  t h e  n i t r a t e -  
c h l o r i d e  mel t s ,  a t  o t h e r  p o t e n t i a l s ,  are less complete .  The reg ion  l a b e l e d  
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Fig. 3.3-14 V a r i a t i o n  of v e l o c i t y  (I( = 30 K s i G )  wi th  p o t e n t i a l  
f o r  Ti :8Al- lM0-1V (SC) t e s t e d  i n  LiNO -KNO melts 
c o n t a i n i n g  K C 1  ( t e s t  temperature  375°C). 
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V a r i a t i o n  o f  v e l o c i t y  ( r e g i o n  11) w i t h  i o n  
f r a c t i o n  of c h l o r i d e  i o n  i n  L i C 1 - K C 1  and L i N O  - 




The d a t a  f o r  t h e  44 mole% LiNO - 56 mol% KNO n i t r a t e  sys tem are 3 3 
less complete,  b u t  show similar t r ends .  
C. Crack Propagat ion  i n  NaNO - KN03 - K C 1 .  The d a t a  i n  t h i s  3 
m e l t  are less d e t a i l e d  b u t  g e n e r a l l y  fo l low t h e  p a t t e r n s  found 
i n  t h e  LiN03 - KN03 - K C 1  m e l t s .  
t h e  pure  n i t r a t e  ( s e e  t a b l e  3.3-1). With c h l o r i d e  a d d i t i o n ,  c r ack ing  
occur red  and v e l o c i t i e s  i nc reased  w i t h  c h l o r i d e  c o n c e n t r a t i o n  a t  a g iven  
p o t e n t i a l  and stress i n t e n s i t y .  The dependence on p o t e n t i a l  is  s i m i l a r ,  
i .e . ,  c rack  propagat ion  a t  p o t e n t i a l s  bo th  anodic  and c a t h o d i c  of t h e  
rest p o t e n t i a l .  For t h e  ca thod ic  c o n d i t i o n s ,  bo th  r eg ion  I and r eg ion  
I1 c rack ing  occur s .  The dependence of v e l o c i t y  on p o t e n t i a l  (vs. Ag/Ag+) 
There i s  no ev idence  of c rack ing  i n  
a t  a stress i n t e n s i t y  of 30 K s i d i n  is  shown i n  Fig.  3.3-16. I t  can 
be  s e e n  t h a t  a t  p o t e n t i a l s  more n e g a t i v e  than  -500 mV, t h e  c rack  v e l o c i t y  
dec reases  and a r eg ion  of ca thod ic  p r o t e c t i o n  may e x i s t  a t  p o t e n t i a l s  more 
n e g a t i v e  than  -1800mV. 
D.  Crack Propagat ion  i n  o t h e r  Melts. The molten sa l t  sys tem 
f o r  which s u s c e p t i b i l i t y  t o  S.C.C. has  been determined and t h e  p e r t i n e n t  
c o n d i t i o n s  of t h e  t e s t s  are summarized i n  Table  3.3-1. 
E. F r a c t u r e .  Analysis of t h e  f r a c t u r e  pa th  produced by SCC 
i n  molten sal ts  by o p t i c a l  methods reveals t h a t  t h e  c rack ing  i s  predominately 
t r a n s g r a n u l a r .  Repl icas  t aken  from t h e  f r a c t u r e  s u r f a c e  show t h a t  t h e  
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F i g .  3.3-16 V a r i a t i o n  of  v e l o c i t y  (K - 30 K s i G w i t h  
p o t e n t i a l  i n  N a N O  3- KNO 3 m e l t s  c o n t a i n i n g  K C 1  
and (KI + NaI) ( T e s t  t empera tu re  375°C). 
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F i g .  3.3- 7 F rac tog raph  o f  Region I1 t y p e  c r a c k  i n  T i :  8A1-1Mo-1V \":) 
t e s t e d  i n  L i C 1 - K C 1  e u t e c t i c  a t  -900 mV ( tes t  t e m p e r a t u r e  
375°C). 
74 
Table  3.3-1 Stress Corrosion Cracking Behavior i n  
System Cracking Behavior 
L i B r  - KBr S i m i l a r  t o  L i C l  - K C 1  
K I  - I2 
N a N O  KNO 3-KB r 
N a N O  3-KN0 3-NaI -KI  
3- 




L i N O  3-KN0 
N a N O  3-KN0 3-LiF 
3 
F a s t  c r ack ing  
S i m i l a r  t o  analogous c1-system 
S i m i l a r  t o  analogous C1-system 
S i m i l a r  t o  analogous C1-system 
Slow c rack  growth 
( a l s o  g e n e r a l  c o r r o s i o n )  
No growth i n  two days 
No growth i n  20 hour s  
No c rack ing  
Various Melts 
Condi t ions  
400 " C 
80°C open a i r  
300°C open a i r  
300°C open a i r  
310°C open a i r  
Open a i r  
450"C, open c i r c u i t  
450"C, open c i r c u i t  
375Oc, open c i r c u i t  
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The c leavage  p l a n e  h a s  n o t  been  determined a t  t h i s  t i m e ,  however, as 
t h e  i n f l u e n c e  of specimen o r i e n t a t i o n  i s  t h e  same as t h a t  f o r  aqueous 
SCC i t  is  concluded t h a t  t h e  c racking  p l a n e  is  similar. No evidence  
f o r  i n t e r g r a n u l a r  s e p a r a t i o n  i n  region I t y p e  c r a c k  growth h a s  been ob ta ined  
a t  t h i s  t i m e ,  however, i n s u f f i c i e n t  s y s t e m a t i c  a n a l y s i s  has  been performed 
t o  exclude t h i s  p o s s i b i l i t y .  
From t h e  r e s u l t s  i n  t h e  pure  c h l o r i d e  m e l t s ,  w e  conclude t h a t  t h e  
presence  of water i s  n o t  necessary  f o r  stress c o r r o s i o n  c rack ing .  Th i s  
e l i m i n a t e s  hydrogen embr i t t l ement  and oxide  f i l m  r u p t u r e ,  and oxide  wedging 
mechanisms f o r  t h i s  system. W e  propose t h a t  t h e  r e s u l t s  are c o n s i s t e n t  
w i t h  an a d s o r p t i o n  o r  anodic  d i s s o l u t i o n  mechanism. 
The r e s u l t s  i n  t h e  n i t r a t e - c h l o r i d e  m e l t s ,  a l though ske tchy ,  are 
similar i n  many ways t o  t h e  behavior  i n  aqueous s o l u t i o n s .  I n  p a r t i c u l a r ,  
t h e  fo l lowing  s imilar i t ies  are noted:  
1. l o g  v e l o c i t y  ve r sus  stress i n t e n s i t y  reveals two reg ions  
( s t a g e  I and s t a g e  11) wi th  d i f f e r e n t  dependence on stress 
i n t e n s i t y  ; 
2 .  f r a c t u r e  topography, p r e f e r r e d  o r i e n t a t i o n  e f f e c t ,  and 
t r a n s g r a n u l a r  mode of f r a c t u r e  are s imi la r ;  
3 .  v e l o c i t y  dependence on c h l o r i d e  c o n c e n t r a t i o n  is s imi la r ;  
4 .  v e l o c i t y  i s  a l s o  a func t ion  of e l e c t r i c a l  p o t e n t i a l .  
An anod ic  d i s s o l u t i o n  mechanism f o r  t h e  c rack ing  is  c o n s i s t e n t  w i t h  t h e s e  
r e s u l t s ,  b u t  w i l l  b e  much more d i f f i c u l t  t o  e s t a b l i s h  than  f o r  t h e  L i C 1 - K C 1  
sys tem.  
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The r e s u l t s  reveal t h a t  t h e s e  m e l t s ,  p a r t i c u l a r l y  t h e  L i C l  - K C 1  
system, should b e  f r u i t f u l  systems f o r  g a i n i n g  f u r t h e r  i n s i g h t  i n t o  t h e  
mechanisms of stress c o r r o s i o n  c rack ing .  We i n t e n d  t o  complete  t h e  
i n v e s t i g a t i o n  of t i t a n i u m  e l e c t r o c h e m i s t r y  i n  L i C 1 - K C 1 ,  as w e l l  as t o  
de te rmine  t h e  composi t ion,  p o t e n t i a l ,  and tempera ture  dependence of SCC 
i n  a l l  these  systems.  
3 . 4  Liquid-Metal Embri t t lement  
The s tudy  of f r a c t u r e  p rocesses  of T i  and A1 a l l o y s  has  been  extended t o  
i n c l u d e  the  i n f l u e n c e  of l i q u i d  metals. I t  h a s  been  shown t h a t  bo th  metals 
and some a l l o y s  e x h i b i t  l i q u i d  m e t a l  embr i t t l emen t  (LMfZ) when t e s t e d  i n  m e r -  
cury and o t h e r  l i q u i d  metals (30). The l i t e r a t u r e  on ME i s  r a t h e r  e x t e n s i v e  
and as t h e  r e s u l t s  p re sen ted  below are p re l imina ry  i n  n a t u r e  t h e  s u b j e c t  
as a whole w i l l  no t  b e  reviewed i n  d e t a i l  h e r e .  The r e a d e r  is  r e f e r r e d  t o  
t h e  ex tens ive  review a r t i c l e s  which have appeared  i n  t h e  l a s t  t e n  y e a r s  (30,31). 
A s  s t a t e d  by Westwood e t  a l . ,  (31) many f a c e t s  of t h e  phenomenon of LMF remain 
unexplained and i n  several cases u n i n v e s t i g a t e d ,  however, as i n d i c a t e d  by 
t h e s e  au thors  t h e  p rocess  appears  t o  occur  by a chemisorp t ion  p rocess  
remarkable  f o r  t h e  s p e c i f i c i t y  of t h e  l i q u i d  m e t a l  and a l l o y  couples .  Many 
of t h e  f a c t o r s  t h a t  i n f l u e n c e  SCC a l s o  appear  t o  have a s imi la r  i n f l u e n c e  
on LME. To c i t e  b u t  two examples: ( a )  aluminum a l l o y s  show maxium s u s c e p t i b i l i t y  
t o  b o t h  LME and SCC when aged t o  produce cohe ren t  p r e c i p i t a t e s ;  (b)  h i g h  
s t r e n g t h  a l l o y s  are i n  g e n e r a l  more s u s c e p t i b l e  t o  LME than  low s t r e n g t h  
a l l o y s .  One f a c t o r  t h a t  appears  t o  have been  i n v e s t i g a t e d  r a t h e r  q u a l i t a t i v e l y  
is t h a t  of t h e  v e l o c i t y  of c r ack ing  i n  t h e  v a r i o u s  sys tems.  I t  i s  u s u a l l y  
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s t a t e d  t h a t  c r ack ing  is  ext remely  r ap id  and Ros tocker ,  e t  al. ,  r e p o r t  c r ack  
v e l o c i t i e s  i n  several a l l o y s  which vary between 2 x 10 and 5 x 10 cm/sec. 
0 2 
3.4.1 Experimental  
The v a r i a t i o n  of c rack  v e l o c i t y  w i t h  stress i n t e n s i t y  has  been s t u d i e d  
i n  T i  and A l b a s e  a l l o y s .  I n  a l l  cases  DCB specimens were used and a poo l  
of l i q u i d  metal, u s u a l l y  Hg, was  in t roduced  i n t o  t h e  notch  b e f o r e  s t r e s s i n g .  
High speed photography us ing  frame rates between 100 and 1000 frames/sec was 
used t o  e v a l u a t e  t h e  h i g h e s t  crack v e l o c i t i e s  w h i l e  t h e  u s u a l  b i n o c u l a r  
sys tem w a s  used t o  measure t h e  s lower  c rack ing  v e l o c i t i e s .  I n  t i t a n i u m  a l l o y s  
i t  w a s  found t h a t  c r ack  arrest occurred  i n  t h e  r e l a t i v e l y  s m a l l  DCB speciman 
d e s c r i b e d  p r e v i o u s l y .  However i n  A1 a l l o y s  i t  w a s  necessa ry  t o  produce 
specimens -30 cm long i n  o r d e r  t o  produce c rack  arrest. I n  a l l  cases, i t  
w a s  found t h a t  a small amount of mechanical f a i l u r e  was  r e q u i r e d  t o  produce 
w e t t i n g  of t h e  s u r f a c e  by t h e  l i q u i d  m e t a l .  This  proved t o  b e  advantageous; f o r  
by v a r y i n g  t h e  amount of p r e s t r e s s i n g  b e f o r e  t h e  a d d i t i o n  of t h e  l i q u i d  
metal a wide range  of K va lues  could be  s t u d i e d .  Other  d e t a i l s  of 
expe r imen ta l  t echniques  w i l l  b e  found i n  t h e  r e l e v a n t  s e c t i o n  below. 
3.4.2 R e s u l t s  
A. Ti tan ium Al loys .  Q u a n t i t a t i v e  t e s t i n g  has  been conf ined  t o  t h e  a l l o y  
Ti:8Al-lMo-lV, and t h e  v a r i a b l e s  of h e a t  t r e a t m e n t  and LME s o l u t i o n  composition 
have  been  s t u d i e d  t o  some e x t e n t .  A s m a l l  number of r a t h e r  c rude  tests have  
been  performed on t h e  Ti :8  Mn and VCA 120 which showed t h a t  t h e s e  a l l o y s  were 
s u s c e p t i b l e  t o  LME i n  t h e  same h e a t  t r e a t m e n t s  which are s u s c e p t i b l e  t o  SCC. 
For example, no embr i t t l ement  of the (B+w) s t r u c t u r e s  i n  t h e  T i : 8  Mn a l l o y  
have  been produced a t  t h i s  t i m e ,  and t h i s  s t r u c t u r e  is a l s o  immune t o  SCC. 
Returning t o  t h e  Ti:8-1-1 a l l o y ,  the t h r e e  h e a t  treatments s t u d i e d  
were (a )  M i l l  annea led ,  
from 1100°C ( i . e . ,  a m a r t e n s i t i c  s t r u c t u r e ) .  The V vs K curves  
f o r  t h e s e  h e a t  t r ea tmen t  c o n d i t i o n s  are shown i n  F i g .  3.4-1. It can 
b e  s e e n  t h a t  wel l -def ined  r eg ion  I and r e g i o n  I1 behav io r  are e x h i b i t e d  
by t h e  SC specimens w h i l e  
t h e  MA specimens. 
v e l o c i t i e s  have been measured as low as 10-7cm/sec. 
are r ep roduc ib le ;  f o r  i f  t h e  load  i s  r e a p p l i e d  i n  t h i s  r e g i o n  of c r a c k  
growth the curve  is reproduced. Thus r e g i o n  I growth does n o t  appear  
t o  b e  a s s o c i a t e d  wi th  contaminat ion  (by a i r  ) of t h e  specimen o r  t h e  
mercury. I t  can be  s e e n  t h a t  t h e  V vs K curves  are d i s p l a c e d  by 
h e a t  treatment and t h a t  t h e  K 
are <10 K s i + .  The 1100°C W.Q. specimen behaved d i f f e r e n t l y  from t h e  
MA and SC specimens; i t  proved much more d i f f i c u l t  t o  i n i t i a t e  a c rack  
and a f t e r  i n i t i a t i o n  t h e  c rack  propagated  towards t h e  edge of t h e  specimen. 
This  i n d i c a t e d  immediately t h a t  t h e  c r a c k i n g  pa th  w a s  n o t  c o n t r o l l e d  by 
t h e  p r e f e r r e d  o r i e n t a t i o n  of t h e  specimen and t h i s  w a s  confirmed by a n a l y s i s  
of t h e  f r a c t u r e  s u r f a c e  desc r ibed  below. The d e v i a t i o n  of t h e  c rack  l e a d  
t o  a r a t h e r  i n a c c u r a t e  e v a l u a t i o n  of t h e  c rack  v e l o c i t y ,  a l though on ly  a 
s m a l l  number of p o i n t s  were ob ta ined .  
d i s p l a c e d  to  t h e  r i g h t  and i t  appea r s  t h a t  r eg ion  I1 shows a lower p l a t e a u  
v e l o c i t y ,  although t h i s  w a s  n o t  a c c u r a t e l y  measured. 
(b) s t e p  cooled  from 85OoC,  and (c) water quenched 
t h e r e  may b e  a s m a l l  t r a n s i t i o n  r eg ion  i n  
The p l a t e a u  v e l o c i t i e s  a re -10  cm/sec and r e g i o n  I 
The r e g i o n  I v e l o c i t i e s  
v a l u e s  f o r  t h e  MA and SC specimens lLME 
It can be  s e e n  t h a t  r e g i o n  I i s  
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Veloc i ty -S t r e s s  i n t e n s i t y  r e l a t i o n s h i p s  f o r  three heat 
treatments of T i :  8Al-lMo-lV t e s t e d  i n  l i q u i d  mercury 
( t e s t  temperature  24°C) 
The f r a c t u r e  s u r f a c e s  w e r e  examined us ing  s t a n d a r d  o p t i c a l  and e l e c t r o n  
microscopy t echn iques ,  Such a n a l y s i s  showed t h a t  Region I1 growth occur red  
by a cleavage l i k e  p rocess  i n  t h e  MA & SC specimens;  an  example b e i n g  shown 
i n  F ig .  3 .4-2(a) .  The c leavage  p l a n e  h a s  n o t  been  e v a l u a t e d  a t  t h i s  t i m e  a l t hough  
Meyn (32) has  shown t h a t  two p lanes  are found: (0001) and p l a n e s  15" from t h i s  
p l ane  (which i s  c h a r a c t e r i s t i c  of SCC). As t h e  c racks  tended  t o  p ropaga te  
p a r a l l e l  t o  t h e  specimen s i d e s  on bo th  LME and SCC i t  i s  p robab le  t h a t  t h e  
c leavage  p lane  i s  similar i n  bo th  cases. Region I growth occurs  by a 
mixture  of c leavage  and i n t e r g r a n u l a r  growth, similar t o  t h a t  observed  i n  
methanol,  see Figs .  3.4-2(b) and ( c )  . Lower stress i n t e n s i t i e s  are a s s o c i a t e d  
w i t h  a g r e a t e r  q u a n t i t y  of i n t e r g r a n u l a r  c r ack  growth, a l though no example 
of 100% i n t e r g r a n u l a r  s e p a r a t i o n  has  been  observed.  The 1100°C W.Q. o r  
m a r t e n s i t i c  sample f a i l e d  predominately by i n t e r g r a n u l a r  s e p a r a t i o n ,  see 
F ig .  3.4-2(d),  a l though some examples of t r a n s g r a n u l a r  c l eavage  were observed .  
This  exp la ins  t h e  d e v i a t i o n  of t h e  c rack  towards t h e  edge of  t h e  DCB specimen 
because  t h e  c rack  pa th  is  no longe r  determined by t h e  p r e f e r r e d  o r i e n t a t i o n  
of t h e  s a m p l e .  
A few tests have been performed i n  Hg-In s o l u t i o n s .  This  sys tem has  t h e  
advantages  t h a t  a wide range of composi t ions e x i s t  (up t o  60A'o I n )  which 
are l i q u i d  a t  ambient tempera tures  and t h a t  I n  does n o t e m b r i t t l e  T i  ( 30 ) .  It 
h a s  been found t h a t  t h e  a d d i t i o n  of  20A/o I n  t o  Hg produces no change i n  t h e  
V vs K curve f o r  M A T i : 8 - 1 - 1 .  No c rack  p ropaga t ion  h a s  been produced i n  a 
Hg s o l u t i o n  con ta in ing  60 A/o,  a l though t h i s  may b e  due t o  t h e  expe r imen ta l  
t echnique .  Fu r the r  tests are planned t o  s t u d y  t h e  i n f l u e n c e  of  Hg-In 
s o l u t i o n s  over a w i d e r  range of expe r imen ta l  v a r i a b l e s .  
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F i g .  3.4-2 Frac tog raphs  of c racks  
mercury . 
( d )  
i n  Ti:8Al-lMo-lV t e s t e d  i n  l i q u i d  
( a )  Region I1 growth i n  MA heat t r e a t m e n t  
( b )  & ( c )  Region I growth i n  MA h e a t  t r e a t m e n t  
( d )  Region I & I1 growth i n  l l O O ° C ,  W . Q .  h e a t  treatment 
( o p t i c a l  micrograph X 5 )  
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B. Aluminum Al loys .  This  s e c t i o n  d e s c r i b e s  t h e  c r a c k i n g  of an 
aluminum a l l o y  i n  l i q u i d  mercury and compares t h e  r e s u l t s  w i t h  t h o s e  
o b t a i n e d  under SCC c o n d i t i o n s .  The t e s t i n g  procedure  w a s  s imilar t o  t h a t  f o r  
t i t a n i u m ,  but  r a t h e r  l ong  specimens were r e q u i r e d  f o r  c r ack  arrest. 
Fig.  3.4-3 illustrates a DCB specimen c u t  from a 1" p l a t e  w i t h  t h e  e longa ted  
g r a i n  boundaries o r i e n t e d  p a r a l l e l  t o  t h e  p l a t e  s u r f a c e s .  
t h a t  t h e  M E  crack  has  propagated  more t h a n  27 cm w i t h  very  s m a l l  d e v i a t i o n  
It can b e  s e e n  
from t h e  c e n t e r  of t h e  specimen. 
c r ack  propagates e x c l u s i v e l y  a long  an i n t e r g r a n u l a r  p a t h ,  an o b s e r v a t i o n  
t h a t  has  been confirmed by microscopic  a n a l y s i s .  
pa th  a l s o  f a c i l i t a t e s  e v a l u a t i o n  of c rack  t i p  stress i n t e n s i t i e s  as t h e  
Th i s  i l l u s t r a t e s  macroscopica l ly  t h a t  t h e  
The very  s t r a i g h t  c rack  
beam h e i g h t  remains c o n s t a n t  over  very  long c rack  l e n g t h s .  
C.  Veloc i ty  of  Cracks.  The v e l o c i t y  of LME c racks  depends on 
t h e  a p p l i e d  s t r e s s  i n t e n s i t y  i n  a similar way as has  been d e s c r i b e d  f o r  SCC.  
Thus t h e  two  r eg ions  of c rack  v e l o c i t y  are observed ,  a s t r o n g l y  stress 
i n t e n s i t y  dependent ( r e g i o n  I )  growth a t  low stress i n t e n s i t i e s  and a stress 
independent growth ( r e g i o n  11) a t  h i g h e r  stress i n t e n s i t i e s .  This r e l a t i o n s h i p  
is i l l u s t r a t e d  i n  Fig.  3.4-4 f o r  t h e  a l l o y  7075-T651 which a l s o  i n c l u d e s  a 
V vs K p l o t  f o r  t h e  same a l l o y  t e s t e d  i n  aqueous s o l u t i o n .  I t  i s  obvious 
t h a t  l i q u i d  mercury is a much more a g g r e s s i v e  environment than  aqueous 
s o l u t i o n s ;  LME cracks can propagate  a hundred-thousand t i m e s  f a s t e r  a t  only 
10% of  t h e  stress i n t e n s i t y  needed t o  p ropaga te  a SCC c rack .  
D.  The E f f e c t  of Overaging. It is  w e l l  known t h a t  overaging  
h igh - s t r eng th  aluminum a l l o y s  reduces  t h e i r  s u s c e p t i b i l i t y  t o  S C C .  Recent 
work i n  o u r  l abora to ry  has shown t h a t  t h i s  i n c l u d e s  n o t  only a r e d u c t i o n  
a3 
F i g .  3 . 4 - 3  30 -cm -long double-cant i lever -beam specimen used  
f o r  l i q u i d  m e t a l  embr i t t l emen t  s t u d i e s  of aluminum a l l o y s .  
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Fig .  3.4-4 The e f f e c t  of stress i n t e n s i t y  on s u b c r i t i c a l  c r ack  
v e l o c i t y  of a h igh - s t r eng th  aluminum a l l o y .  Tests  i n  
l i q u i d  mercury and i n  aqueous K I  s o l u t i o n  a t  a p o t e n t i a l  
of  -700 mV. 
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of t h e  c rack  v e l o c i t y  i n  reg ion  11, b u t  a l s o  a s h i f t  of reg ion  I (of t h e  
c rack  v e l o c i t y  v e r s u s  stress i n t e n s i t y  curve) t o  h i g h e r  stress i n t e n s i t i e s .  
Fig.  3 . 4 - 4  i l l u s t r a t e s  t h a t  overaging has  a very  similar i n f l u e n c e  on LME. 
The c e n t e r  curve of t h e  f i g u r e  r ep resen t s  t h e  behav io r  of a 7075 commercial 
aluminum a l l o y  t h a t  has  been h e a t  t r e a t e d  t o  t h e  -T651 c o n d i t i o n  and then  over- 
aged f o r  lOOh at 180OC. C l e a r l y  such overaging causes n o t  only a r e d u c t i o n  
of t h e  LME crack  v e l o c i t y  i n  region 11, b u t  a l s o  a s h i f t  of reg ion  I t o  
h t g h e r  stress i n t e n s i t i e s .  
For t h e  exper imenta l  condi t ions  given i n  Fig.  3 . 4 - 4 ,  overaging doubles 
t h e  stress i n t e n s i t y  r e q u i r e d  t o  propagate  c racks  a t  l a w  v e l o c i t y .  The 
same overaging t rea tment  would make t h e  7075 a l l o y  completely immune t o  
SCC i n  aqueous s o l u t i o n s .  
It seems reasonable  t o  assume t h a t  t h e  r e d u c t i o n  i n  s u s c e p t i b i l i t y  t o  
b o t h  k inds  of environment - induced cracking  (LME and SCC) is  caused by 
t h e  same change of t h e  m i c r o s t r u c t u r e  dur ing  overaging.  I f  s o ,  t h i s  would 
i n d i c a t e  t h a t  LME and SCC are caused by mechanisms which are i n f l u e n c e d  by 
t h e  m i c r o s t r u c t u r e  i n  t h e  same way and t h e r e f o r e  have something i n  common. 
The same t r e n d  i n  t i t a n i u m  a l l o y s  s u p p o r t s  t h i s  assumption, and s o  do t h e  
c l o s e l y  corresponding stress dependence and f r a c t u r e  p a t h  f o r  SCC and M E .  
3.5 Discussion on SCC of Ti:8-1-1 
The V vs  K r e l a t i o n s h i p s  f o r  a number of h e a t  t r e a t m e n t s  of t h e  
Ti:8Al-lMo-lV a l l o y  have been presented f o r  a series of l i q u i d  environment. 
An a t tempt  is made i n  t h i s  s e c t i o n  t o  summarize t h e  s imilar i t ies  and 
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d i f f e r e n c e s  observed i n  t h e s e  s o l u t i o n s .  
3 .5 .1  Shape of V vs K Re la t ionsh ips  
For a cons t an t  h e a t  t rea tment  t h e  shapes  of t h e  V vs K 
r e l a t i o n s h i p s  a r e  s imi la r  i n  n e u t r a l  and a c i d i c  aqueous s o l u t i o n s ,  methanol 
s o l u t i o n s ,  carbon t e t r a c h l o r i d e  s o l u t i o n s ,  molten s a l t s  and l i q u i d  metals. 
The curves can u s u a l l y  b e  d iv ided  i n t o  t h r e e  p a r t s :  Region I t y p e  growth, 
Region I1 type  growth and a t r a n s i t i o n  r e g i o n  connec t ing  t h e s e  (Region I I a ) .  
Region I1 type  p l a t e a u  v e l o c i t i e s  vary  between 10' and cm/sec depending 
on t h e  environment,  and t h e  e x t e n t  o f  t h e  t r a n s i t i o n  r e g i o n  i s  a l s o  i n f l u e n c e d  
by t h e  environment.  Region I t y p e  growth is observed i n  f l u i d s  i n  which 
t i t a n i u m  i s  n o t  completely p a s s i v a t e d ,  e .g .  methanol ,  a c i d i c  aqueous H C 1  
s o l u t i o n s  , molten s a l t s  , mercury and p o s s i b l y  carbon t e t r a c h l o r i d e .  
3.5.2 I n f l u e n c e  of Heat Treatment  
This parameter  has  been s t u d i e d  i n  a c i d i c  and n e u t r a l  aqueous 
s o l u t i o n ,  methanol s o l u t i o n s  and mercury,  and i n  a l l  cases, t r ea tmen t s  t h a t  
promote t h e  p r e c i p i t a t i o n  of t h e  a2 phase  raise and d i s p l a c e  t h e  V vs K 
curve  t o  the  l e f t .  The magnitude of  t h e  d isp lacement  depends on t h e  n a t u r e  
of t h e  environment. 
3 .5 .3  I n f l u e n c e  of Concent ra t ion  
Fig. 3.5-1 shows a compi la t ion  of  t h e  c o n c e n t r a t i o n  dependence 
of v e l o c i t y  f o r  S C ,  MA and DA t r ea tmen t s  of T i : 8 - 1 - 1  i n  a c i d i c  and n e u t r a l  
aqueous s o l u t i o n s  and n e u t r a l  methanol  s o l u t i o n s .  It  can b e  s e e n  t h a t  t h e  
concen t r a t ion  dependence approximately fo l lows  a C1l2 r e l a t i o n s h i p ,  a l though 
87 
10-4 
0 0.01 0.1 1.0 10.0 
Molarity - 
Fig.  3 .5 -1  V a r i a t i o n  of  v e l o c i t y  of c rack ing  ( a t  cons t an t  
stress i n t e n s i t y  l e v e l s )  for t h r e e  h e a t  t r e a t m e n t s  
w i th  mola r i ty  of h a l i d e  i n  bo th  aqueous and methanol 
s o l u t i o n s .  
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t h e r e  i s  some scat ter  and d e v i a t i o n  i n  t h e  more c o n c e n t r a t e d  n e u t r a l  and 
methanol ic  s o l u t i o n s .  It is  of i n t e r e s t  t h a t  t h e  r e s u l t s  f o r  a l l  t h r e e  
types  of  s o l u t i o n  appear  t o  b e  n e a r  t h e  same l i n e  f o r  t h e  MA c o n d i t i o n .  
o t h e r  r e s u l t s  r e p o r t e d  h e r e  i n d i c a t e  a g a i n  t h a t  a d d i t i o n  of C 1 - ,  B r -  o r  I- 
( o r  12) a c c e l e r a t e  c rack ing .  
The 




carbon t et’rach l o r i  de , 
and molten n i t r a t e s .  
However, the e x a c t  shape of t h e  v e l o c i t y  17s c o n c e n t r a t i o n  curves a t  lower 
concen t r a t ions  depends on t h e  h e a t  t r e a t m e n t  as may b e  s e e n  i n  Fig.  3.5-1. 
Thus f o r  SC samples  t h e  p ropaga t ion  v e l o c i t i e s  of c r acks  i n  d i s t i l l e d  
water are about an o r d e r  of magnitude less than  t h a t  i n  0 .6  M KC1.  For MA 
samples t h i s  v e l o c i t y  d i f f e r e n c e  i n c r e a s e s  t o  about  two o r d e r s  of magnitude w h i l e  
f o r  DA specimens no p ropaga t ion  i n  d i s t i l l e d  water has  been observed ( a t  
t h i s  t i m e ) .  In  t h e  more concen t r a t ed  s o l u t i o n s  t h e  shape  of t h e  concent ra -  
t i o n  dependence is  approximately t h e  same. 
3.5.4 I n f l u e n c e  of Temperature 
The a c t i v a t i o n  energy f o r  c rack  growth of r e g i o n  I and r e g i o n  I1 
type  h a s  been determined i n  s e v e r a l  s o l u t i o n s ,  t h e  accuracy  of t h e s e  v a l u e s  i s  
probably no t  g r e a t e r  than 20%. I n  n e u t r a l  and a c i d i c  aqueous s o l u t i o n s  and 
i n  n e u t r a l  methanol s o l u t i o n s  t h e  v a l u e  of a c t i v a t i o n  e n e r g i e s  are in t h e  
range  3.5 - 5 Kcals/mole f o r  r eg ion  I1 growth. For t h e  r eg ion  I growth 
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observed  i n  a c i d i c  aqueous and methanol s o l u t i o n s  t h e  v a l u e s  l i e  between 
18 and 28 Kcals/mole. 
v a l u e s  a l though,  f o r  r e g i o n  11, growth i s  c o n s i s t a n t  w i t h  a mass t r a n s p o r t  
c o n t r o l l e d  p r o c e s s ,  w h i l e  t h a t  f o r  r eg ion  I it  is c h a r a c t e r i s t i c  of a 
chemica l  r e a c t i o n .  
No undue s i g n i f i c a n c e  can b e  a t t a c h e d  t o  t h e s e  
3.5.5 Environments t h a t  Contain no Hydrogen 
A f u r t h e r  example of SCC i n  environments n o t  c o n t a i n i n g  hydrogen 
has  been added i n  t h i s  p e r i o d ,  molten salts  c o n t a i n i n g  C1-,  B r - ,  o r  I-. 
3.5.6 F r a c t u r e  
Cracking has  been shown to  b e  t r a n s g r a n u l a r  i n  a l l  cases i n  
r e g i o n  I1 growth i n  a l l  environment tests. A s  t h e  p r e f e r r e d  o r i e n t a t i o n  
e f f e c t s  are similar i n  t h e s e  environmants, i t  is concluded t h a t  t h e  c leavage  
p l a n e  is t h e  same, n e a r  t h e  b a s a l  plane.  Region I growth occur s  by a 
m i x t u r e  of i n t e r g r a n u l a r  s e p a r a t i o n  and c leavage  i n  l i q u i d  metals and 
methanol s o l u t i o n s ,  i n t e r g r a n u l a r  crack ( r e g i o n  I type)  growth h a s  n o t  been 
observed i n  molten salts  o r  concent ra ted  H C 1  a t  t h i s  t i m e  b u t  i n s u f f i c i e n t  
a n a l y s i s  h a s  been  performed. 
3.5.7 Mechanism 
One common f a c t o r  i n  a l l  environments t e s t e d  is  t h a t  they are i n  
a l l  cases l i q u i d s  which may argue  i n  f a v o r  of an i n t e r a c t i o n  of a damaging 
s p e c i e s  Hg, C1- etc. a t  t h e  c rack  t i p .  The d e t a i l s  of such i n t e r a c t i o n s  
are n o t  known. The second uni fy ing  f a c t o r  i n  t h e s e  tests,  i f  w e  exc lude  
l i q u i d  metals, is t h a t  a d d i t i o n s  of h a l i d e s  ( i n  e i t h e r  t h e  molecular  o r  
i o n i c  form) accelerates c rack ing  f o r  a g iven  c o n d i t i o n .  Then a g a i n ,  t h e  
\ 
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t e n t a t i v e  conclus ion  
t h e s e  s p e c i f i c  i o n s  t h a t  are an  e s s e n t i a l  p a r t  o f  SCC. 
may b e  drawn t h a t  i t  i s  t h e  i n t e r a c t i o n  of 
3.6 SCC S tud ie s  w i t h  o t h e r  Ti tanium Al loys  
3 .6 .1  SCC of Ti-Mo type  Alloys 
Molybdenum a d d i t i o n s  t o  t i t a n i u m  a l l o y s  are u s u a l l y  cons ide red  
t o  reduce  t h e i r  s u s c e p t i b i l i t y  t o  SCC. 
t h e  s u s c e p t i b i l i t y  o f  b i n a r y  Ti:11.6 Mo a l l o y s  t o  SCC i t  w a s  found t h a t  t h i s  
a l l o y  a f te r  three h e a t  t r e a t m e n t s  w a s  i n  f a c t  n o t  s u s c e p t i b l e  t o  SCC. There 
I n  a p rev ious  r a t h e r  b r i e f  s t u d y  of  
i s  some i n t e r e s t  i n  t h e  commercial a l l o y  6111 f o r  several a p p l i c a t i o n s  i n  
t h e  SST which has  t h e  composi t ion T i :  12Mo-5Sn-6Zr. In con junc t ion  w i t h  
D r .  J. Feeney (CAG group, Boeing Company) a d e t a i l e d  s tudy  of t h e  phase  
t r ans fo rma t ions  and mechanical  p r o p e r t i e s  of  t h e  a l l o y  h a s  been  performed. 
The main f ind ings  of t h i s  i n v e s t i g a t i o n  are l i s t e d  below: 
( a )  Quenching from t h e  6-phase f i e l d  r e t a i n s  t h i s  phase  a l though  
some u-phase i s  formed dur ing  t h e  quench. I f  p l a s t i c a l l y  s t r a i n e d  t h i s  
r e t a i n e d  @-phase deforms by s l i p ,  twinning  on systems of t h e  type  (332)  
<113> and t h e  format ion  of  a s m a l l  amount of  or thorhombic m a r t e n s i t e .  
The a l l o y  is s o f t  and d u c t i l e  i n  t h e  quenched c o n d i t i o n  w i t h  a y i e l d  stress 
of -80 K s i  and showing e l o n g a t i o n  up t o  -30%. 
(b) If t h e  r e t a i n e d  B-phase i s  aged a t  tempera tures  up t o  420°C 
format ion  of t h e  w-phase is t h e  f i r s t  s t a g e  of decomposi t ion.  The 
format ion  of t h i s  phase  r e s u l t s  i n  a h igh  y i e l d  stress (up t o  220 Ksi )  
b u t  n e g l i g i b l e  e longa t ion  and va lues  of  -20 K s i  G. K I C  
( c )  Ageing above 450°C r e s u l t s  i n  t h e  fo rma t ion  of  t h e  a-phase 
which r e s u l t s  i n  i n t e r m e d i a t e  y i e l d  s t r e n g t h s  and toughness  v a l u e s .  
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Feeney has  shown t h a t  t h e  PI1 a l l o y  i s  s u s c e p t i b l e  t o  envi ronmenta l  
c r a c k i n g  i n  aqueous s o l u t i o n s .  The s u s c e p t i b i l i t y  h a s  been  s t u d i e d  i n  more 
d e t a i l  i n  t h i s  l a b o r a t o r y  and t h e  f o l l o w i n g  s e c t i o n s  summarize t h e  p rogres s  
i n  t h i s  i n v e s t i g a t i o n .  
( a )  I n  t h e  quenched ( B )  o r  aged t o  produce B+w c o n d i t i o n s ,  an 
aqueous h a l i d e  environment has  no i n f l u e n c e  on t h e  f r a c t u r e  l o a d  and no 
slow c rack  growth b e f o r e  f i n a l  c a t a s t r o p h i c  f a i l u r e  is  observed .  
(b) The a l l o y  is s u s c e p t i b l e  t o  SCC when aged t o  produce ~ + a  
c o n d i t i o n ;  two ageing  tempera tures  t o  produce such s t r u c t u r e s  have  been 
s t u d i e d  a t  t h i s  t i m e ,  480 and 650'C. R e s u l t s  from SEN tests on t h e s e  two h e a t  
t r e a t m e n t s  i n  t h e  form of V vs K r e l a t i o n s h i p s  f o r  s e v e r a l  envi ronmenta l  
c o n d i t i o n s  are shown i n  F igs .  3.6-1 and 3.6-2. It  can b e  s e e n  t h a t  i n  most 
c a s e s  t h e  V vs K curves t end  t o  e x h i b i t  only r e g i o n  I1 t y p e  c rack  growth t 
and t h a t  curves  have a very  w e l l  developed v e l o c i t y  p l a t e a u .  
confirmed us ing  DCB specimens by S p e i d e l  who a l s o  showed t h a t  c rack  branching  
This has  been 
a r e s u l t  c o n s i s t a n t  w i th  a v e l o c i t y  p l a t e a u .  The 1SCC' occur red  at K > 2K 
va lues  have  been shown t o  be dependent on ( a t  l e a s t )  f o u r  f a c t o r s  a t  t h i s  KS cc 
t i m e .  These are: 
(1)  h a l i d e  concen t r a t ion  (See F igs .  3.6-1 and 2 ) ;  
(2) p o t e n t i a l ;  
(3) s t r a i n  rate: f o r  example K (measured us ing  SEN specimen) s cc 
can b e  i n c r e a s e d  by dec reas ing  t h e  c r o s s  head d isp lacement  
rate from 0 .1  cm/min. t o  0.005 cm/min.; 
It  shou ld  b e  noted  t h a t  SEN specimens are not  very  s u i t a b l e  f o r  t h e  t 
d e t e c t i o n  of  reg ion  I t y p e  growth. 
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Fig .  3.6-1 Ve loc i ty -S t r e s s  i n t e n s i t y  r e l a t i o n s h i p s  f o r  t h e  BIII 
a l l o y  aged f o r  100 h r s .  a t  480°C, t e s t e d  i n  several 
s o l u t i o n s .  Also inc luded  are t h e  K & KISCC v a l u e  f o r  
t h e  B+w s t r u c t u r e  produced by age ing  f o r  100 h r s .  a t  
370°C. 
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I Fig .  3.6-2  Veloc i ty-St ress  i n t e n s i t y  r e l a t i o n s h i p s  f o r  t h e  BIII 
I 
a l l o y  aged f o r  100 h r s .  a t  650°C, t e s t e d  i n  several s o l u t i o n s  
l S C C  
Note t h e  v a r i a t i o n  of t h e  K 
displacement  rate. 
va lue  wi th  c r o s s  head 
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( 4 )  h e a t  t r ea tmen t :  from F i g s .  3.6-1 and 2 i t  can b e  s e e n  t h a t  t h e  
650°C h e a t  t r ea tmen t  t ends  t o  b e  less s u s c e p t i b l e  t h a n  t h e  
480°C. However, a more d e t a i l e d  a n a l y s i s  of t h e  volume 
f r a c t i o n ,  s i z e  and d i s p e r s i o n  of t h e  r p h a s e  is  needed 
b e f o r e  any a c c u r a t e  d i s c r i p t i o n  of h e a t  t r e a t m e n t  can b e  g iven .  
The f r a c t u r e  mode h a s  been s t u d i e d  by t h e  u s u a l  o p t i c a l  repl ica  
t echn iques .  Such ana lyses  have  shown t h a t  c r ack ing  occur s  almost e x c l u s i v e l y  
by i n t e r g r a n u l a r  s e p a r a t i o n ,  f o r  example see Fig.  3.6-3. This  behav io r  
shou ld  b e  c o n t r a s t e d  wi th  t h e  t r a n s c r y s t a l l i n e  f a i l u r e  observed i n  a l l  o t h e r  
t i t a n i u m  a l l o y s  t e s t e d  p rev ious ly  i n  t h i s  i n v e s t i g a t i o n .  
One f i n a l  o b s e r v a t i o n  of i n t e r e s t  is t h a t  o p t i c a l  o b s e r v a t i o n  of t h e  
f a i l u r e  process  r e v e a l s  t h a t  c r ack ing  occur s  d i s c o n t i n u o u s l y .  Thus t h e  
c rack  v e l o c i t i e s  measured only r e p r e s e n t  average  v a l u e s  and examples of 
c r ack  jumps wi th  cons ide rab ly  f a s t e r  v e l o c i t i e s  have  been observed .  (This  
obse rva t ion  is be ing  s t u d i e d  i n  more d e t a i l  u s ing  t h e  movie techniques  
d e s c r i b e d  i n  s e c t i o n  3.7) 
3.6.2 Other  Alloys 
Tes t s  on b i n a r y  Ti:Mo a l l o y s  were d e s c r i b e d  b r i e f l y  i n  r e p o r t  
No. 7 (9) i n  which i t  w a s  s t a t e d  t h a t  Ti:ll.GMo a l l o y  w a s  n o t  s u s c e p t i b l e  
t o  SCC i n  aqueous s o l u t i o n  i n  t h r e e  h e a t  t r e a t m e n t  c o n d i t i o n s .  One of 
t h e s e  t r ea tmen t s  r e s u l t e d  i n  an CY+B s t r u c t u r e  which w a s  gene ra t ed  by 
slow cool ing t o  700°C and h o l d i n g  a t  t h i s  t empera tu re  f o r  1 day fo l lowed 
by wa te r  quenching. A f t e r  t h e  d iscovery  of t h e  SCC of t h e  BIII a l l o y ,  
specimens of a b i n a r y  T i : 1 4 %  Mo a l l o y  were h e a t  t r e a t e d  t o  produce f i n e r  
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F i g .  3 . 6 - 3  I n t e r g r a n u l a r  c r ack ing  i n  t h e  BIII a l l o y  tes ted  i n  5M K I  
a t  OmV. X250 
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This  h e a t  t rea tment  c o n s i s t e d  of quenching from 85OoC, age ing  f o r  100 
hours  a t  480°C and w a t e r  quenching. SEN specimens were t e s t e d  i n  t h e  r a t h e r  
a g g r e s s i v e  environment of  5M K I  a t  0 mV. Under t h e s e  c o n d i t i o n s  i t  w a s  
found t h a t  l i m i t e d  SCC occurred  b u t  a t  l o a d  ( o r  K) levels of  90% of t h e  
f r a c t u r e  load  i n  a i r .  The f a i l u r e  mode w a s  a g a i n  by i n t e r g r a n u l a r  
s e p a r a t i o n .  It  i s  thus  concluded t h a t ,  a l though Ti:Mo a l l o y s  are s u s c e p t i b l e  
t o  SCC,  t he  s u s c e p t i b i l i t y  i s  n o t  as extreme as t h a t  of t h e  6 1 1 1  a l l o y .  
The s u s c e p t i b i l i t y  of t h e  T i : 8  Mn a l l o y  t o  SCC w a s  d e s c r i b e d  i n  
r e p o r t  7 ( 9 ) ,  i n  which i t  w a s  shown t h a t  on age ing  quenched specimens a t  
400°C some SCC occurred  when a+B s t r u c t u r e s  were formed. I n  such  s t r u c t u r e s  
t h e  e x t e n t  of c racking  w a s  l i m i t e d  and could  n o t  b e  c o n t r o l l e d  by man ipu la t ion  
of t h e  load  level .  More d e t a i l e d  examinat ion of  t h e  SCC f r a c t u r e  s u r f a c e  on 
t h e s e  specimens h a s  s i n c e  r evea led  t h a t  f a i l u r e  occur s  by a predominant ly  
i n t e r g r a n u l a r  s e p a r a t i o n  mode a l though some examples of t r a n s g r a n u l a r  
c leavage- l ike  f a i l u r e  are observed.  
s t r u c t u r e s  analogous t o  t h o s e  found i n  t h e  s u s c e p t i b l e  BIII a l l o y .  
3 . 6 . 3  Discuss ion  
It is obvious t h a t  much f u r t h e r  work i s  r e q u i r e d  b e f o r e  t h e  many 
f a c t o r s  i n f l u e n c i n g  t h i s  i n t e r g r a n u l a r  mode of SCC can b e  f u l l y  understood.  
However, i t  is of i n t e r e s t  t o  s p e c u l a t e  on t h e  composi t iona l  f a c t o r s  t h a t  
i n f l u e n c e  t h i s  t ype  of SCC.  Two c r i t i c a l  composi t iona l  f a c t o r s  could  b e ,  
e i t h e r  t h e  composition of t h e  6-phase, o r  t h e  composi t ion of a-phase.  I t  
w a s  shown previous ly  t h a t  i n  t h e  t r a n s g r a n u l a r  SCC of Ti:Mn a l l o y s  i t  appears  
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t h a t  t h e  composition of t h e  @-phase i s  c r i t i c a l .  I n  t h e  case  of 
i n t e r g r a n u l a r  SCC i t  could b e  a l s o  argued  t h a t  t h i s  
is  c r i t i c a l  as t h e  a l l o y s  appear  t o  b e  more s u s c e p t i b l e  t h e  lower t h e  
age ing  tempera ture  and thus t h e  more en r i ched  ( i n  e .g .  Mo) t h e  @-phase. 
However, i t  appears  more probable  a t  t h i s  t i m e  t h a t  t h e  composition of t h e  
a-phase and t h e  n a t u r e  of t h e  d i s t r i b u t i o n  of t h e  phase  n e a r  g r a i n  boundar i e s  
may b e  t h e  c r i t i ca l  f a c t o r .  The evidence for  t h i s  s p e c u l a t i o n  t o  s a y  t h e  
least, i s  n o t  d e f i n i t i v e ,  b u t  t h e r e  appears  t o  b e  an i n c r e a s i n g  tendency 
f o r  a-phase t o  n u c l e a t e  p r e f e r e n t i a l l y  a t  g r a i n  boundar ies  t h e  lower t h e  
age ing  tempera ture .  A f i n a l  p o s s i b l e  composi t iona l  f a c t o r  i s  t h a t  some 
( u n s p e c i f i e d )  element t ends  t o  s e g r e g a t e  t o  g r a i n  boundar ies  when t h e  a l l o y  
i s  aged i n  t h e  tempera ture  range 400-650°C. 
@-phase composition 
3 . 7  Analys is  of Propagat ing  Cracks u s i n g  Cinematography 
During t h i s  t ime p e r i o d  e f f o r t  has  been concen t r a t ed  on developing  
s u i t a b l e  t echn iques .  These s t i l l  u n f o r t u n a t e l y  depend t o  a l a r g e  e x t e n t  
on t h e  e x p e r i m e n t a l i s t ' s  manual d e x t e r i t y .  
p ropaga t ing  SCC cracks i n  t h e  Ti:8A1, Ti:13Cr-llV-3Al, and Ti:8Mn a l l o y s  
have  been produced. The maximum magn i f i ca t ion  used a t  t h i s  t i m e  i s  l O O X ,  b u t  
i t  i s  hoped t o  i n c r e a s e  i t  t o  a t  least 250X. 
Thus fa r  s e v e r a l  movies of 
Tests have  been conducted on l a rge -g ra ined  specimens i n  which t h e  
ave rage  g r a i n  d iameter  i s  l a r g e r  than t h e  s h e e t  t h i c k n e s s .  The fo l lowing  
9 8  
obse rva t ion  can be made based  on t h e  r e s u l t s  o b t a i n e d  a t  t h i s  t i m e :  
(a) g r a i n  boundar ies  o f t e n  cause  arrest of c r a c k s ,  a l though 
examples of c rack  a c c e l e r a t i o n  on c r o s s i n g  a boundary have been observed; 
(b) deformation a s s o c i a t e d  wi th  a p ropaga t ing  c rack  i s  r a t h e r  l i m i t e d ,  
forming very n e a r  t h e  c rack  t i p  and ex tending  only s m a l l  d i s t a n c e s  from 
t h e  crack;  
( c )  examples of continuous c rack ing  i n  s i n g l e  g r a i n s  a t  rates between 
and lo-' cm/sec have been observed. This  o b s e r v a t i o n  i s  of cour se  n o t  
t r u e  i n  samples and examples of d i scon t inuous  c rack  growth have a l s o  
been found. I n  some cases  i t  appears  t h a t  p rec ip i ta tes  and p r e x i s t i n g  s l i p  
bands ( i . e . ,  formed by deformat ion  p r i o r  t o  c rack  i n i t i a t i o n  i n  t h e  a r e a )  as 
w e l l  as g r a i n  boundar ies  c o n t r i b u t e  t o  t h e s e  d i s c o n t i n u i t i e s .  
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4.0 CONCLUSIONS 
1. No s i g n i f i c a n t  d i f f e r e n c e s  i n  k i n e t i c  d a t a  f o r  new t i t a n i u m  s u r f a c e s  i n  
H C 1 ,  H I  and H2S04 were observed t h a t  could account f o r  t h e  wide 
d i f f e r e n c e s  i n  SCC s u s c e p t i b i l i t y  i n  t h e s e  environments.  
2.  No s i g n i f i c a n t  d i f f e r e n c e s  i n  k i n e t i c  d a t a  f o r  new s u r f a c e s  of T i ,  
Ti:8-1-1 and T i : 1 4  Mo i n  H C 1  s o l u t i o n  were observed t h a t  could  
account f o r  t h e  wide d i f f e r e n c e s  i n  SCC s u s c e p t i b i l i t y .  
A newly-generated s u r f a c e  of aluminum i n  H C 1  s o l u t i o n  d i d  n o t  p a s s i v a t e  
as r a p i d l y  as t i t a n i u m ,  which w a s  c o n s i s t e n t  w i t h  SCC d a t a  and i n t e r p r e -  
t a t i o n  of t h e  MTK model. 
The p resence  of a s a t u r a t e d  s o l u t i o n  of Ti3+ h a l i d e  n e a r  t h e  t i p  of  a 
c rack  as must occur  w i t h  Ti3+ d i s s o l u t i o n  shou ld  g i v e  a lower c o n d u c t i v i t y  
and a h i g h e r  p o t e n t i a l  drop as r e q u i r e d  from t h e  MTK model. 
3. 
4. 
5. A c t i v a t i o n  e n e r g i e s  f o r  SCC v e l o c i t y  i n  Ti:8-1-1 measured i n  r e g i o n  I1 
( s t r e s s  independent v e l o c i t y )  were about  5 Kcal/mole i n  aqueous H C 1  
and i n  KI-methanol s o l u t i o n s ,  c h a r a c t e r i s t i c  of mass t r a n s p o r t  c o n t r o l .  
A c t i v a t i o n  e n e r g i e s  f o r  region I ( s t r e s s  dependent v e l o c i t y )  were about  
28 Kcal and 18 Kcal r e s p e c t i v e l y  f o r  H C 1  and KI-methanol s o l u t i o n s .  
6 .  There is a r e g i o n  IIa between r e g i o n s  I and I1 f o r  t i t a n i u m  a l l o y s  t h a t  
has  an i n t e r m e d i a t e  dependence of v e l o c i t y  on stress and a n  a c t i v a t i o n  
energy of about  5 Kcal. 
7 .  SCC has  been shown t o  occur  f o r  T i :8 -1 -1  i n  mixtures  of  molten s a l t s  
c o n t a i n i n g  c h l o r i d e  b u t  no t  in p u r e - n i t r a t e  m e l t s .  
w i t h  c h l o r i d e  c o n c e n t r a t i o n  i n  t h e  c h l o r i d e - n i t r a t e  m e l t s .  
S C C  v e l o c i t y  i n c r e a s e s  
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8. Many s imilar i t ies  are observed between SCC i n  aqueous s o l u t i o n s  and 
molten sal ts ,  e .g . ,  bo th  show s t a g e s  I and I1 f o r  v e l o c i t y ,  v e l o c i t y  
i n c r e a s e s  wi th  c h l o r i d e  i o n  concen t r a t ion  i n  each and v e l o c i t y  is 
r e l a t e d  t o  p o t e n t i a l .  
9 .  SCC v e l o c i t y  i n  molten s a l t s  is appa ren t ly  no t  r e l a t e d  t o  water 
conten t  of t h e  m e l t .  
10.  Veloc i ty  reg ions  I and I1 w e r e  observed f o r  bo th  t i t a n i u m  and 
aluminum a l l o y  w i t h  l i q u i d  metal embr i t t l ement  by mercury.  
11. The reg ion  I1 f r a c t u r e  topography f o r  T i : 8 - 1 - 1  w a s  remarkably s imilar  
i n  many environments,  e .g .  aqueous h a l i d e  s o l u t i o n s ,  methanol ,  carbon 
t e t r a c h l o r i d e ,  molten h a l i d e  sal ts  and mercury. 
12.  M e t a l l u r g i c a l  f e a t u r e s  f o r  t i t a n i u m  and f o r  aluminum a l l o y s  have 
s i m i l a r  e f f e c t s  on c rack ing  v e l o c i t i e s  i n  t h e  v a r i o u s  environments .  
13. Observat ion of p ropaga t ing  c racks  i n  l a r g e  g ra ined  specimens of 
t i t a n i u m  a l l o y s  by cinematography h a s  i n d i c a t e d  t h a t  c r ack  growth f o r  
t h e  most p a r t  is cont inuous a c r o s s  s i n g l e  g r a i n s  b u t  o f t e n  a r r e s t e d  a t  
g r a i n  boundaries  and deformat ion  i s  ve ry  l i m i t e d  around t h e  c rack  t i p .  
A new and somewhat d i f f e r e n t  t ype  of  SCC has  been  found i n  Ti:Mo 
a l l o y s .  
14.  
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5.0 FUTURE WORK 
The fo l lowing  items of work a r e  planned f o r  t h e  immediate f u t u r e :  
1. Conduct f u r t h e r  SCC s t u d i e s  i n  molten salts. 
2 .  Conduct f u r t h e r  s t u d i e s  on i n i t i a t i o n  and propagat ion  p rocesses  i n  
very l a r g e  g ra ined  specimens of T i : l O A l ,  Ti:8Mn, Ti:13VllCr3Al. 
3 .  Study s u s c e p t i b i l i t y  t o  SCC of Ti:Cu, T i : A l - S i ,  T i : V ,  Ti:16 Mn, and 
Ti:Sn a l l o y s  i n  v a r i o u s  s o l u t i o n s .  
4. Resolve t h e  problem of c h l o r i d e  a n a l y s i s  of t i t an ium.  
5 .  Conduct more q u a n t i t a t i v e  e l ec t rochemica l  k i n e t i c  s t u d i e s  w i t h  a 
wider  range  of h a l i d e  c o n c e n t r a t i o n s  and p o t e n t i a l s  f o r  t i t a n i u m  and 
aluminum. 
6. I n c l u d e  p a r a l l e l  s o l u b l e  t i t a n i u m  i o n  format ion  i n  mass- t ranspor t -  
k i n e t i c  model. 
7. Focus a t t e n t i o n  concep tua l ly  and expe r imen ta l ly  on even t s  a t  t h e  
c rack  t i p  . 
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